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iR  system  is  described  for  acceleration  treatment  of  domestic  fowl.  A  reasonable 
end  point  for  acceleration  tolerance  is  provided  by  a  bradycardia  that  occurs 
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Block  20.  Abstract  (Cont'd) 

Hn  some  Individuals  the  acceleration  Induced  cardiac  lesions  (subendocardial 
hemorrhage  or  congestion);  and  at  the  subcellular  level,  further  degenerative 
changes  became  apparent.  Including  regions  of  hypercontraction  of  cardiac 
myocytes,  mitochondrial  swelling,  and  necrosis  In  some  cells.  Discrete  regions 
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(4  minutes  at -t-6  G  ,  8  times  dally  for  6  months),  evidence  of  any  subendocardial 
hemorrhage  was  no  longer  apparent,  but  the  submlcroscoplc  changes  remained. 

n  other  experiments,  chickens  were  given  a  single  1-mlnute  exposure  to  a  field 
that  Increased  from  S  to  18  CU  for  the  series.  Acceleration- Induced  changes 
were  observed  In  heart  rate  during  and  after  the  treatment,  and  subsequently  In 
lymphocyte  frequency  and  body-mass  maintenance.  Generally,  bradycardia  and 
lymphopenia  Increased  proportionally  to  field  strength.  Above  13  G,  normal 
growth  and  even  maintenance  of  pretreatment  body  mass  were  impaired. 
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CUMULATIVE  ASPECTS  OF  REPEATED  HSG  EXPOSURE 


BACKGROUND 


The  physiological  effects  of  radial  acceleration  upon  pilots  of  maneuver¬ 
ing  aircraft  have  been  an  aviation  problem  since  the  1930s,  and  these  have  been 
abundantly  Investigated.  Several  comprehensive  reviews  of  the  early  research 
are  available  (13-15,17,30).  With  the  Increasing  capabilities  of  modern  air¬ 
craft.  Interest  has  shifted  towards  the  upper  tolerance  limits,  and  this  region 
(>6  G‘  for  15  seconds)  has  been  designated  high  sustained  G  (HSG)  (6,8).  It 
has  become  particularly  important  to  develop  animal  models  for  human  HSG  re¬ 
sponses  in  order  to  understand  the  pathophysiological  consequence  of  overexpo¬ 
sure.  The  objective  of  this  research  was,  in  laboratory  animals,  to  identify 
and  describe  changes  at  the  cell/tlssue  level  resulting  from  repeated  exposure 
to  HSG,  and  to  estimate  their  probable  hazard  and  reversibility. 


The  domestic  fowl  provides  a  reasonable  human  model  for  acceleration 
studies.  It  is  a  biped,  and  although  the  body  is  not  strictly  vertical,  as 
man's,  its  vasculature  has  similar  basic  characteristics.  Since  the  principal 
blood  vessels  are  generally  parallel  to  the  field  of  gravity  (normally  +<5^1  as 
canpared  to  -Gj^  for  quadrupeds),  its  circulation  is  significantly  affected  by 
gravity-induced  intravascular  hydrostatic  pressures.  Consequently  it  has  de¬ 
veloped  a  visceral  vasomotor  apparatus — as  has  man.  Quadrupeds,  with  a  princi¬ 
pal  vasculature  perpendicular  to  the  field  of  gravity,  are  less  susceptible  to 
Intravascular  hydrostatic  pressures  and  lack  a  visceral  vasomotor  apparatus. 

So,  from  the  standpoint  of  circulation  and  hemodynamic  acceleration  suscepti¬ 
bility,  the  chicken  resembles  humans  more  closely  than  do  other  common 
experimental  animals  such  as  rats  and  dogs. 


Commercial  breeds  of  chickens  are  readily  available  in  genetically  stan¬ 
dardized  lines,  with  convenient  body  size  (1.8  to  3  kg),  and  at  a  low  unit 
cost.  They  are  large  enough  to  be  reasonably  susceptible  to  acceleration,  yet 
small  enough  to  permit  simultaneous  acceleration  of  several  subjects.  Birds 
(which,  like  mammals,  are  homoiotherms)  appear  to  share  some  general  pathologi¬ 
cal  changes  with  a  number  of  animal  species  when  subjected  to  hypovolemic 
(hemorrhagic)  shock.  These  include  congestion  and  necrosis  in  the  liver, 
hemorrhage  in  the  lung,  intestinal  congestion  and  hemorrhage,  acute  renal  tubu¬ 
lar  necrosis,  subendocardial  hemorrhage,  and  early  degenerative  changes  in  the 
myocardium  (11,16).  The  mechanisms  responsible  for  these  changes  are  not  fully 
understood  at  this  time,  but  similar  pathological  tissue  alterations  have  been 
produced  by  HSG  (4,7).  So  the  tissue  responses  of  the  fowl  support  its  useful¬ 
ness  as  a  human  model  for  acceleration  studies.  Also,  chickens  have  been  em¬ 
ployed  as  subjects  in  chronic  restraint  (1,2,5)  and  chronic  acceleration  (28, 
29)  studies,  which  provide  a  valuable  perspective  in  the  interpretation  of  HSG 
results. 


^G,  throughout  this  manuscript,  will  be  defined  as  (positive  acceleration 
force). 
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The  principal  objective  of  this  research  was  to  evaluate  the  myocardial 
pathology  resulting  from  repeated  exposures  to  HSC,  administered  several  times 
dally  over  a  long  period  of  time  (6  months  to  1  year).  Some  preparatory  Inves¬ 
tigations  were  necessary  to  determine  tolerable  G-levels  and  exposure  times 
suitable  to  the  Intended  treatment  schedule.  Observations  made  during  prepara¬ 
tory  Investigations  led  to  a  variety  of  secondary  experiment s--such  as  screen¬ 
ing  the  groups  of  experimental  animals  to  eliminate  susceptible  Individuals, 
using  conditioning  exposures  to  enhance  tolerance,  and  determining  maximum 
field  tolerance  for  rather  short  exposures.  Consequently,  the  results  reported 
herein  tend  to  provide  a  rather  broad  description  of  the  acceleration  biology 
of  the  fowl,  and  may  have  a  usefulness  beyond  the  specified  objective. 


METHODOLOGY 

Implementation  of  this  research  required  adapting  an  available  centrifuge 
to  accelerate  chickens  and  developing  an  animal  restraint  harness  suitable  to 
HSG  treatments.  The  centrifuge  was  designed  by  S.  J.  Sluka  and  built  for 
Professor  Nello  Pace  (University  of  California,  Berkeley)  to  reproduce  launch 
and  recovery  acceleration  profiles  for  blosatellltes.  It  was  readily  adapted 
to  our  purpose,  with  minor  changes  in  the  hydraullc-drlve  system  and  In  the 
animal  carrier. 


Animal  Centrifuge 

The  centrifuge  used  for  these  experiments  Is  a  hydraulic-driven  apparatus 
with  a  20-C  capacity.  Plan  and  side  views  of  this  machine  are  showii  in  Figures 
1  and  2.  Power  to  the  centrifuge  is  provided  by  a  hydraulic  system,  shown 
schematically  In  Figure  J.  The  rotation  of  the  centrifvige  is  regulated  by  a 
valve  on  the  hydraulic  pump  output,  which  is  operated  by  a  throttle.  An  elec¬ 
tric  tachometer  Is  operated  by  a  cogwheel  that  engages  the  centrifuge  drive 
chain  (Fig.  2),  and  Its  output  Is  connected  to  a  galvanometer  gauge  that  Is 
mounted  near  the  hydraulic  controls.  This  gauge  Is  calibrated  in  G's;  however, 
because  of  the  exponential  nature  of  the  operational  characteristics  (Fig.  s ) , 
It  Is  not  accurate  at  higher  fields.  For  precision  adjustment,  the  rotation 
rate  is  adjusted  by  counting  the  time  required  for  10  revolutions,  and  the 
appropriate  throttle-opening  position  Is  fixed  with  a  set  screw. 

The  onset  vates  of  the  centrifuge  are  not  great — generally  in  the  order  of 
1  G  per  second--as  shown  in  the  field-time  curve  in  Figure  5a.  The  relation¬ 
ship  is  exponential,  with  the  kinetics: 


where:  G  Is  the  field  strength,  being 
G^  after  t  seconds. 

The  first  derivative  of  the  curve,  the  onset-rate  curve.  Is  shown  in  Figure  5b. 
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Figure  1.  Central  cross-section  of  the  animal  centrifuge.  Items  Identlfieo 
are:  (1)  centrifuge  spindle;  (2)  upper  bearing;  (3)  sllprings  for  power 

transfer;  (A)  large  sprocket — centrifuge  drive;  (5)  lower  bearing — thrust 
bearing  that  supports  the  turntable;  (6)  hydraulic  motor;  (7)  base  frame; 
(8)  rotating  centrifuge  arm;  (9)  mounting  rollers;  and  (10)  animal  carrier. 
The  silver-silicon  slipring  system  for  signal  transfer,  which  extends  to 
the  ceiling  from  the  central  spindle,  is  not  shown,  nor  the  oil  pump  and 
oil  reservoir  for  hydraulic  power  which  are  located  In  an  adjacent  room. 

The  counterbalance  arm  has  a  heavy  steel  plate  that  compensates  for 
the  load  developed  in  the  animal-carriage  arm  during  operation.  For  added 
loads,  the  counterbalance  plate  has  a  rod  upon  which  1.27-cm  steel  discs 
can  be  mounted,  and  locked  In  place  by  a  restraining  collar  secured  by  an 
alien  screw.  The  six  plates  available  have  the  following  characteristics: 


Plate 

Diameter 

Actual  mass 

Counterbalanc Ing 

mass 

No. 

(cm) 

(kA) 

(lb) 

1 

10.4 

0.72 

0.45 

1 

2 

14.1 

1.43 

0.91 

2 

3 

19.4 

2.87 

1.81 

4 

4 

25.7 

5.01 

3.17 

7 

5 

30.5 

7.17 

4.54 

10 

6 

43.1 

14.33 

9.07 

20 

lines,  connecting  the  hydraulic  motor  schematically.  The  output  control  (throttle)  Is 

(on  frame)  to  the  hydraulic  pump  which  Item  9.  Braking  pressure  Is  regulated  by  the  ball 

Is  In  an  adjacent  room.  valve.  Item  2. 


Rotation  Rate  Crpm) 

Figure  4.  Performance  characteristics  of  the  animal  centrifuge.  Acceleration 
fields  (resultants  of  centrifugal  forces  and  gravity)  at  center  of  animal 
carrier  (2.1-m  radius)  are  indicated  for  the  following  operating  rates; 


Net  field 
(G) 


Rotation 

rate 


Time  for 
10  revs 


The  slowing  curve  (Fig.  6)  Is  biphasic,  both  components  of  which  are 
exponential: 


where:  Gq  Is  the  Initial  field  Intensity — or  the 
zero-time  Intercept  of  the  component. 

The  early  component  has  the  rate  constant  -0.39  (a  half-time  of  1.8  seconds), 
and  this  Is  the  same  for  all  slowing  curves  shown  In  Figure  6.  It  persists 
until  the  centrifuge  slows  to  a  field  of  5  or  6  G,  and  is  not  perceptibly 
changed  whether  the  hydraulic  brake  (ball  valve.  Fig.  3)  Is  on  or  off.  This 
appears  to  be  determined  by  air  resistance,  which  Is  arithmetically  related  to 
field  strength  (since  both  G  and  air  pressure  are  related  to  V^): 

Air  pressure  (kg)  »  0.036  (G  -1) 

where:  Air  pressure  is  the  total  force  on  the  animal 
carrier  (which  has  a  0.26  m^  area). 

After  the  centrifuge  has  slowed  to  3  or  6  G,  then  resistance  In  the  hydraulic 
system  is  the  principal  factor  In  slowing  the  centrifuge.  In  this  phase  of 
slowing,  which  also  Is  exponential,  the  rate  constants  (with  t  in  seconds)  are: 

^  *^1/2 

with  brake:  -0.058  11.8  seconds 

without  brake:  -0.045  15.3  seconds 

These  functional  characteristics  appear  to  be  much  slower  than  those  cited  for 
human  centrifuges.  However,  with  the  relatively  longer  exposure  times,  and  the 
nature  of  the  observations,  these  characteristics  do  not  appear  to  be  critical. 


Animal  Carriage 

The  animal  carriage  was  prepared  from  a  55-galIon  oil  drum,  which  can  be 
removed  quite  readily  from  the  centrifuge  by  loosening  the  mounting  rollers. 

This  permits  the  preparation  and  rapid  interchange  of  several  carriages,  each 
suited  to  a  different  purpose.  For  most  trials,  a  carriage  mounted  with  a  rack 
holding  6  harnessed  birds  is  used.  During  centrifugation,  the  principal  sup¬ 
port  is  provided  by  a  "vertical"  attachment  (i.e. ,  parallel  to  the  net  accelera¬ 
tion  field).  A  perch  also  is  provided  which  allows  the  animals  to  control  any 
tendency  for  body  displacement  during  starting  and  stopping. 

The  centrifuge  turntable  is  connected  to  a  system  of  low-noise  sliprlngs 
(manufactured  by  Superior  Carbon  Products),  which  permits  transmission  of  up  to 
24  channels  of  information  from  the  operating  centrifuge.  Currently  an  8- 
channel.  Type  R  Dynograph  is  being  used  to  record  EKGs  on  up  to  3  birds 
simultaneously. 


Animal  Restraint 

The  experimental  birds  are  exposed  to  an  acceleration  field  along  the 
axis,  and  this  requires  special  support  for  the  neck.  Some  preliminary  HSG 
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trials  indicated  that  a  new  support  system  was  necessary,  and  a  restraint  har¬ 
ness  was  designed  that  encloses  most  of  the  bird — with  only  the  legs  protruding 
(Fig.  7).  It  is  made  with  two  outer  layers  of  nylon  and  an  inner  layer  of  1.3- 
cm  foam  rubber.  This  arrangement  not  only  distributes  forces  during  centrifuga¬ 
tion,  but  also  prevents  movement  of  the  bird  within  the  harness.  Fasteners 
made  of  Velcro  provide  a  snug  fit  and  also  allow  rapid  securing  and  release. 

Three  rings  along  the  back  are  used  to  attach  the  harness  to  the  centri¬ 
fuge  carriage,  maintaining  a  -(-G^  orientation  of  the  body  to  the  accleratlon 
field  (Fig.  8).  Currently,  birds  are  attached  to  the  centrifuge  in  a  normal 
posture,  with  the  principal  body  axis  30*  from  horizontal  (the  plane  perpendicu¬ 
lar  to  the  acceleration  field).  At  some  future  time,  the  Influence  of  the  body 
orientation  to  the  acceleration  field  upon  USG  tolerance  may  indicate  a  differ¬ 
ent  orientation,  which  can  be  readily  arranged. 

The  harness  has  been  prepared  in  three  sizes:  large,  for  the  Rhode  Island 
Red  cocks,  3-5-kg  body  mass;  medium,  for  Rhode  Island  Red  hens  and  White  Leg¬ 
horn  cocks,  2-3kg;  and  small,  for  the  White  Leghorn  hens,  1-2-kg. 


Experimental  Animals 

Male  Rhode  Island  Red  chickens  were  selected  as  subjects  because  they  were 

readily  available  in  genetically  uniform  stocks  from  local  commercial  sources. 

They  were  procured  in  groups  of  200-day-old  cockerels  and  reared  at  the  labora¬ 
tory.  Groups  of  hatchmates  were  designated  serially  in  order  of  acquisition  as 
RIR-1 ,  RIR-2,  ...  etc.  At  1  week  of  age  they  were  dubbed,  which  prevented  the 

growth  of  a  large  comb  that  might  affect  the  acceleration  treatment.  They  also 

were  debeaked  (a  commercial  practice  that  limits  cannibalism)  and  inoculated 
with  a  vaccine  for  Marek's  disease.  These  birds  are  available  for  experimenta¬ 
tion  after  90  days  of  age,  at  which  time  they  are  skeletally  mature. 

Two  strains  of  White  Leghorn  chickens  are  also  maintained  at  our  labora¬ 
tory,  one  designated  WM  and  the  other  CA.  These  also  were  utilized  in  these 
studies  to  compare  acceleration  scale  effects  among  mature  animals. 

Two  types  of  biological  controls  were  available  for  comparison  with  the 
various  pathologies  observed.  One  was  a  static  control — merely  untreated 
hatchmates  of  the  experimental  birds.  The  other  type  of  control  consisted  of 
animals  preconditioned  with  a  minimal  acceleration  schedule  that  did  not  pro¬ 
duce  physiological  change  nor  any  evident  gross  pathology  (see  Tables  10  and 
11).  Other  research  (2,5)  has  Indicated  that  simple  restraint,  of  the  sort 
used  herein,  has  no  adverse  effect  on  the  fowl. 


Observations  on  Centrifuged  Animals 


Appearance  Score 

Early  in  the  program,  it  became  apparent  that  the  animals  exhibited  vari¬ 
able  behavior  after  centrifugation.  Since  an  animal's  appearance  could  be  re¬ 
lated  to  its  acceleration  tolerance,  a  scoring  system  was  devised  (by  Mr. 
Kinder,  centrifuge  operator)  to  record  it: 
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a.  Bottom  view,  largt 
size  harness. 


i;:  u- jc.-^v>r.vJHEaEC 


c.  Bird  Installed  in 
harness.  Mounting 
rings  connect  to 
load-bearing  strap.s. 


Figure  7.  Restraint  harness  for  HSG  exposure  of  domestic  fowl. 


b.  Method  of  putting 
the  harness  on  the 
bird.  The  white 
stripes  are  Velcro 
fasteners, 


a. 


% 


Centrifuge  arm  showing 
animal  carriage,  and 
slipring  system  (center) 
for  signal  transmission. 


b.  Animal  carriage,  which 
is  mass  loaded  so  that 
the  bird  remains  oriented 
normally  with  respect  to 
the  acceleration  field. 


c.  Bird  in  centrifuge  with 
principal  body  axis  30° 
from  "horizontal." 


Figure  8.  Installation  of  experimental  animal  in  centrifuge  carriage. 


3 


Score 


Meaning 


1  No  apparent  debilitation  (normally  ambulant^  alert, 

aggressive) 

2  Some  minor  debilitation  (tendency  to  remain  sitting, 

less  alert,  perhaps  dazed) 

3  Moderate  debilitation  (some  specific  disorder — such 

as  opisthotonus,  tortlcolus,  postural  Instability) 

4  Severe  debilitation  (multiple  disorders — In  the  order 

of  the  previous  category,  but  more  extensive) 

5  Moribund  (limp,  eyes  closed,  unresponsive;  appearance 

such  as  to  predict  death) 


Poatmortem  Examination 

Animals  dying  or  sacrificed  for  observation  were  subjected  to  a  post¬ 
mortem  examination.  The  extent  of  this  examination  depended  on  the  circum¬ 
stances  surrounding  the  animal's  death. 

Spontaneous  deaths  unrelated  to  the  experimental  protocol;  The  animals  re¬ 
ceived  a  complete  postmortem  examination.  All  tissues  were  examined  grossly, 
and  portions  of  all  major  organ  systems  (with  emphasis  on  those  showing  gross 
lesions)  were  sampled  and  processed  for  histologic  examination.  The  objective 
of  this  procedure  was  to  Identify  infectious  disease  and  prevent  any  compli¬ 
cations  of  experimental  results  with  unrelated  pathology. 

Death  or  euthanasia  following  acute  (single)  exposure  to  HSG:  All  systems  were 
examined  for  gross  pathologic  changes.  The  hearts  and  frequently  the  lungs 
were  processed  for  routine  histologic  examination.  In  some  cases,  the  hearts 
were  weighed  or  were  prepared  for  electron  microscopy. 

Death  or  euthanasia  following  chronic  (recurrent)  HSG  exposure;  In  these  birds 
all  major  organ  systems  were  examined  both  grossly  and  histologically.  When 
possible,  the  myocardium  was  perfused  with  fixative  and  prepared  for  ultra- 
structural  examination. 

In  all  birds  the  heart  chambers  were  opened  and  washed  free  of  excess 
blood.  The  endocardial  surface  was  examined  carefully;  and  the  presence  of 
either  subendocardial  hemorrhage  (SEH),  subendocardial  congestion  (SEC),  or  any 
other  grossly  evident  change  was  noted. 


Hematology 

Evaluation  of  physiological  responses  to  acceleration  (Including  the  devel¬ 
opment  of  systemic  stress)  frequently  Involved  hematological  evaluations: 
differential  white-cell  counts,  PCV,  and  plasma  proteins. 

Por  the  differentials,  a  drop  of  blood  was  collected  by  puncturing  the 
wmttle,  and  smears  were  prepared  on  cover  slips  by  standard  procedures  (20,26). 


These  were  air  dried,  fixed  In  absolute  neChanol,  and  stained  by  the  Wrlghts- 
Leishman  procedure.  Prepared  cover  slips  were  mounted  on  slides  for  subsequent 
evaluation  and  storage. 

For  more  extensive  examinations,  larger  samples  of  blood  were  withdrawn 
from  the  brachial  vein,  using  a  heparln-rlnsed  syringe.  PCVs  were  determined 
by  the  microhematocrit  method — samples  being  centrifuged  for  5  minutes  at 
11,000  RPM  In  heparinized  capillary  tubes.  Plasma  proteins  were  determined 
with  a  Goldberg  Ref ractometer  (handheld),  with  supernatant  plasma  from  the 
hematocrit  tube.  (These  devices  measure  the  critical  reflective  angle,  so  the 
same  result  would  be  obtained  with  whole  blood.) 


Hiatolog'’^  Ppoaedurea 

Tissue  obtained  for  routine  light  microscopic  examination  was  fixed  immedi¬ 
ately  In  lOZ  neutral  buffered  formalin,  dehydrated  through  ascending  concentra¬ 
tions  of  alcohol,  embedded  In  paraffin,  and  sectioned  at  5-6  pm.  All  sections 
were  then  stained  with  hematoxylin  and  eosln.  Selected  sections  were  stained 
with  periodic  acld-Schlff,  phosphotungstic  acid-hematoxylln,  and  Masson's  trl- 
chrome.  In  animals  selected  for  electron  microscopic  analysis,  anesthesia  was 
Induced  with  a  short-acting  barbiturate,  the  thoracic  cavity  was  opened,  the 
brachiocephalic  arteries  were  clamped,  and  the  heart  was  perfused  retrograde 
via  the  thoracic  aorta  with  cold  2Z  glutaraldehyde.  The  endocardial  surfaces 
were  examined  for  the  presence  of  subendocardial  hemorrhage  or  congestion. 

Five  blocks  of  myocardium  were  removed  from  each  of  the  three  left  ventricular 
papillary  muscles,  dehydrated  through  ascending  concentrations  of  alcohol,  post- 
fixed  In  osmium  tetroxide,  and  embedded  In  plastic  (Epon  812).  These  blocks  of 
tissue  were  sectioned  at  1  pm,  stained  with  toluldlne  blue,  and  examined  by 
light  microscopy.  Areas  within  the  blocks  that  showed  an  alteration  In  myocar¬ 
dial  morphology  were  selected,  trimmed,  sectioned  on  an  ultramicrotome,  mounted 
on  200-mesh  copper  grids,  stained  with  30Z  lead  citrate  and  saturated  alcoholic 
uranyl  acetate,  and  examined  with  an  electron  microscope. 


ACCELERATION  STUDIES 

At  the  outset,  some  preliminary  trials  were  required  to  develop  a  suitable 
restraint  harness  and  also  to  estimate  the  approximate  acceleration  tolerance 
of  the  fowl.  Once  procedures  were  standardized,  a  research  program  was  devel¬ 
oped  to  achieve  the  contract  objectives.  The  following  discussion  Includes  the 
principal  investigative  series  of  the  program. 


Screening  Procedures 

Once  the  repetitive  treatment  series  were  Initiated,  It  became  evident 
that  a  fairly  large  number  of  Individuals  were  very  susceptible  and  died  after 
a  few  treatments.  Since  this  complicated  the  establishment  of  long-term  treat¬ 
ment  series,  we  decided  (In  consultation  with  the  technical  monitors,  23  June 
76)  to  subject  all  available  animals  to  a  standard  treatment  that  would  not  be 
pathogenic  but  would  cull  susceptlbles.  Three  acceleration  schedules  were 
established,  as  approximate  to  the  tolerance  of  the  various  breeds  and  ages  of 
the  groups  screened: 
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Intensity:  2,  3,  or  4  mlnutet*  at  8  G. 

Applied  to  young  Rhode  Island  Reds  and  some 
White  Leghorn  birds. 

Intermediate  Intensity:  4,  8,  or  12  minutes  at  b  G. 
The  standard  procedure  for  skeletal ly  mature  Rhode 
Island  Reds  and  some  White  Leghorn  birds. 

Low  Intensity;  4,  5,  8,  12,  or  20  minutes  at  4  G. 
Applied  to  older  Rhode  Island  Reds  (4,  b,  or  8 
minutes)  or  younger  ones  (8,  12,  or  20)  to  compare 
group  tolerances. 


Larye  Breed  (Rhode  1  eland  Red) 

Results  of  the  screening  trials  are  included  in  Appendix  A,  and  sumnutries 
of  the  tolerance  distribution  are  presented  In  Table  1.  Although  these  repre¬ 
sent  groups  of  animals  raised  and  treated  at  different  times,  the  percentage 
distribution  of  tolerance  (for  a  particular  breed  at  equivalent  size)  Is  remark 
ably  uniform.  This  Indicates  that  the  wide  variation  seen  between  acceleration 
tolerance  of  otherwise  equivalent  Individuals  Is  Inherent;  so.  In  a  genetically 
uniform  stock,  the  occurrence  of  susceptibility  or  tolerance  Is  statistical, 
and  consequently  rather  uniform  among  large  groups. 

Postmortem  examinations  were  made  on  birds  not  surviving  the  screening  pro 
cedure,  and  a  summary  of  the  results  Is  provided  In  Table  2.  The  numbers  of 
birds  Involved  are  small,  so  no  statistical  confidence  Is  attached  to  these  re¬ 
sults.  However,  rather  systematically,  a  greater  relative  Incidence  of  gross 
heart  lesions  occurred  in  the  larger  (and  older)  birds;  also,  fewer  of  these 
birds  had  no  visible  lesions  (NVL).  For  example,  compare  the  following  distri¬ 
bution  of  lesions  for  all  birds  dying  during  screening.  Irrespective  of  their 
acceleration  susceptibility: 

7b  days  old  127  days  old 


1.11  ± 

0.12  kg 

2.22  ± 

0.18  kg 

(n) 

Z 

(n) 

X 

SEH 

(22) 

44.9 

(2b) 

68.4 

SEC 

(9) 

18.4 

(10) 

26.3 

NVL 

(18) 

36.7 

(2) 

5.3 

Smalt  Breed  (White  Leghorn) 

Groups  of  Leghorn  chickens  also  were  subjected  to  the  screening  procedures 
to  compare  the  effects  of  mature  body  size  upon  the  distribution  of  accelera¬ 
tion  tolerance.  Results  of  these  screening  trials  are  Included  hi  Appendix  A, 
and  a  summary  is  presented  In  Table  J. 

A  comparison  of  the  relative  susceptibility  of  the  two  breeds  Indicates  a 
much  greater  tolerance  of  the  smaller  breed,  tlie  Leghorns.  This  difference  in 
response  supports  our  selection  of  the  larger  bird  lor  experimental  subjecls, 
since  the  object  of  the  investigation  Is  to  examine  the  liuiui-f  Ion  and  nature  ot 
myocardial  pathology. 


TABLE  1.  ACCELERATION  TOLERANCE  DISTRIBUTION*  AMONG  RHODE  ISLAND  MALES 
(LARGE  BREED) 


No.  of  birds  In  group 
Body  mass  (kg)  ±  SD 


Toleranoe  Category 
Low  (<4  min) 

(4-6  min) 

(6-8  min) 
Medium  (8-10  min) 
(10-12  min) 
(12-20  min) 
High  (>20  min) 


M  2i  127 


(30)  (30) 

1.28±0.18  2.34±0.24 


0.0% 

0.0% 

3.3% 

3.2% 

3.2% 

6.2% 

84.1% 


Intermediate  Intensity 


No.  of  birds  in  group  (53) 
Body  mass  (kg)  ±  SD  3.14±0.28 


Tolerance  Category 

Low  (<4  min)  22.6% 
Medium  (4-8  min)  34.0% 
High  (>8  min)  43.4% 


(183)  (60) 

1.24±0.23  1.11±0.12 


8.8%  8.3% 
19.8%  23.3% 
71.4%  68.4% 


(30) 

2.22±0.18 


33.3% 

26.7% 

40.0% 


High  Intensity 


No.  of  birds  in  group 
Body  mass  (kg)  ±  SD 


Tolerance  Category 
Very  low  (<2  min) 
Low  (2-3  min) 
Medium  (3-4  min) 
High  (>4  min) 


(60)  (30) 

1.1310.13  2.3710.23 


3.3%  "N  23.3%  “X 

15.0%  >41.6%  6.7%  >60.0% 

23.3%  J  30.0%  J 

58.4%  40.0% 


^Screening-trial  results  were  calculated  to  indicate  distribution  of  accel¬ 
eration  tolerance  by  percentage  of  mortality  at  specific  intensities  and 
time  intervals. 
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TABLE  2.  CROSS  PATHOLOGY  OF  RIR  HALE  BIRDS  DYING  DURING  SCREENING 


Rhode  Island  Red  Males* 


76  days  old 

127  days  old 

Tolerance  Observed 

1.11 

i  0. 

12  kR 

2.22 

±  0.18  kg 

category  lesion 

inL. 

_lai 

X*» 

SCREENED  AT  4  C: 

(30) 

(30) 

'  Low,  <12  min 

[3; 

lOX  of  group] 

(1; 

3X  of  group] 

SEH 

(0) 

— 

(0) 

— 

SEC 

(1) 

33Z 

(1) 

lOOX 

NVL 

(2) 

67X 

(0) 

— 

Medium,  12-20  min 

[2; 

6X  of  group] 

(i; 

3X  of  group] 

SEH 

(1) 

SOX 

(1) 

lOOX 

SEC 

(0) 

— 

(0) 

— 

NVL 

(1) 

SOX 

(0) 

SCREENED  AT  6  G: 

(60) 

(30) 

Low,  <4  min 

(5; 

8X  of  group] 

(10; 

33X  of  group] 

SEH 

(2) 

40X 

(7) 

70X 

SEC 

(1) 

20X 

(3) 

30X 

NVL 

(2) 

40X 

(0) 

— 

Medium,  4-8  min 

(14; 

23X 

of  group] 

(8; 

27X  of  group] 

SEH 

(7) 

SOX 

(7) 

88X 

SEC 

(1) 

7X 

(1) 

12X 

NVL 

(6) 

43X 

(0) 

SCREENED  AT  8  G: 

(60) 

(30) 

Very  low,  <2  min 

[2; 

3X  of  group] 

[7; 

23X  of  group] 

SEH 

(0) 

— 

(3) 

43X 

SEC 

(1) 

SOX 

(3) 

43X 

NVL 

(1) 

sox 

(1) 

14X 

Low,  2-3  min 

[9; 

15X 

of  group] 

(2; 

7X  of  group] 

SEH 

(4) 

4SX 

(2) 

lOOX 

SEC 

(3) 

33X 

(0) 

— 

NVL 

(2) 

22X 

(0) 

— 

Medium,  3-4  min 

[14; 

23X 

of  group] 

19; 

30X  of  group] 

SEH 

(8) 

S7X 

(6) 

b7% 

SEC 

(2) 

14X 

(2) 

22X 

NVL 

(4) 

29X 

(1) 

IIX 

*ExpcrlBental  group  hatched  IS  February  1977. 
of  nonsurvlvora  at  respective  exposure. 
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TABLE  3.  ACCELERATION  TOLERANCE  DISTRIBUTION*  AMONG  WHITE  LEGHORN  MALES 
(SHALL  BREED) 


Days  old  ■ 

223 

165 

465 

Internediate  Intensity 

(6  G)  : 

Mo.  of  birds  in  group 

(36) 

(30) 

(65) 

(36) 

Body  mass  (kg)  >  SD 
Tolemnoa  Category 

1.12±0.14 

1.80±0.31 

2.0410.24 

2.2210.30 

Low  (<4  min) 

O.OX 

O.OX 

1.5X 

O.OX 

Medium  (4-8  min) 

2.8X 

3.3X 

4.6 

8.3X 

High  (8-12  min) 

O.OX 

O.OX 

4.6X 

8.4X 

Very  high  (>12  min) 

97. 2X 

96. 7X 

89. 3X 

83. 3X 

Days  old  ■ 

146 

223 

176 

High  Intensity  (8  G) : 

No.  of  birds  in  group 

(34) 

(36) 

(53) 

Body  mass  (kg)  ^  SD 
Tolerance  Category 

1.6210.23 

^2.9X 

1.7910.19 

2.0610.25 

^22.1 

Low  (<2  min) 

Medium  (2-4  min) 

0.0 

25. OX 

High  (>4  min) 

97.  IX 

75. OX 

75.  OX 

n 

Screening-trial  results  were  calculated  to  indicate  distribution  of 
acceleration  tolerance  by  percentage  of  mortality  at  specific  in¬ 
tensities  and  time  intervals. 


Tolerance  Co  Physiological  End  Points 
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The  acceleration-tolerance  estimates  obtained  from  the  screening  were 
limited  to  Identifying  only  the  most  susceptible  Individuals  In  a  group — those 
not  surviving  a  particular  acceleration  exposure.  Determining  tolerance  to  a 
physiological  endpoint  Is  preferable  since  It  provides  a  broader  evaluation, 
with  a  tolerance  Index  for  each  Individual.  One  such  estimate  has  been  based 
on  heart  rate — specifically,  the  acceleration  exposure  compatible  with  a  rea¬ 
sonably  normal  heart  rate,  which  ordinarily  is  delineated  by  a  rapidly  devel¬ 
oping  bradycardia.  We  are  pleased  to  acknowledge  the  collaboration  of  Dr.  Jack 
Goldberg  in  establishing  these  procedures,  and  his  comments  on  the  bird  EKGs 
are  contained  in  Appendix  B. 

A  system  of  sllprlngs  on  the  centrifuge  axis  permits  transmitting  EKG 
signals  from  the  operating  centrifuge.  EKG  potentials  were  taken  from  subder- 
mal  electiodes,  placed  along  the  spine,  to  limit  myoelect rographic  Interfer¬ 
ence.  The  electrocardiogram  was  recorded  with  a  Type  R  Dynograph  (Fig.  9). 
These  were  abstracted  for  heart  rate  and  respiratory  frequency  (from  the  arti¬ 
fact  it  Induces  in  the  EKG).  Several  rather  typical  examples  of  such  data  are 
presented  in  Figure  10.  In  most  cases,  the  heart  and  respiratory  frequencies 
became  stabilized  after  a  transient  period  of  Increase  or  decrease.  After  some 
period,  however,  heart  and  respiratory  frequencies  started  an  abrupt  decline; 

If  centrifugation  was  not  terminated  immediately,  the  animal  died.  This 
bradycardia  was  taken  as  the  animal's  limit  of  acceleration  tolerance. 

Of  the  61  RIR  male  birds  examined,  43  survived  treatment.  The  observed 
results  and  Individual  characteristics  of  the  experimental  birds  are  Included 
as  Appendix  C.  This  experimental  series  developed  over  a  long  time.  Birds 
were  fitted  in  a  few  at  a  time  between  the  repetitive  treatment  groups,  and  as 
a  result,  the  group  Is  diverse.  Body  mass  (Fig.  11)  has  a  trlmodal  distribu¬ 
tion;  and  acceleration  tolerance  (minutes  exposure  to  bradycardia.  Fig.  12),  a 
markedly  skewed  blmodal  distribution.  By  comparison,  the  precentrifugation 
heart  rate  (Fig.  13)  and  Its  Immediate  response  to  centrifugation  (A%  heart 
rate  over  the  first  20-sec  to  1-mln  exposure.  Fig.  14)  present  rather  normal 
distribution  patterns. 

When  these  variables  are  summarized  according  to  animal  age  at  treatment 
and  by  the  result  of  the  treatment — survival  or  nonsurvival — some  Interesting 
relationships  appear  (Table  4).  As  the  animals  become  older,  they  have  less 
HSG  tolerance  and  also  develop  a  more  pronounced  bradycardia  with  the  onset  of 
acceleration.  The  nonsurvivors  tend  to  be  larger  birds  (4-16%  BM,  p  0.02)  and 
with  a  faster  pretreatment  respiratory  frequency  (+44%  RR,  p  0.05)  than  the 
survivors.  The  nonsurvivors  also  develop  a  more  pronounced  bradycardia  with 
the  onset  of  acceleration  (-10%  AHR  as  compared  to  -4%  for  survivors)  and  a 
slow  breathing  rate  (-20%  ARR) ,  whereas  the  survivors  develop  a  hyperpnea  (+39% 
ARR);  but  these  acceleration  responses  are  quite  variable  and  not  statistically 
significant. 

Linear  regressions  for  several  of  the  experimental  parameters  are  summa¬ 
rized  In  Table  5.  The  tolerance  to  HSG  Is  significantly  and  Inversely  corre¬ 
lated  with  body  size  and  age.  The  size  effect,  however.  Is  most  pronounced  In 
the  younger  animals.  In  the  older  birds  (335+10  days)  there  was  a  nonsignifi¬ 
cant  but  positive  covariance  between  body  size  and  tolerance.  HSG  tolerance  Is 
also  significantly  and  positively  related  to  pretreatment  heart  rate  (HR),  and 
this  relationship  remains  more  or  less  the  same  among  the  several  age  groups. 

20 


(ufm/sqqvsjq)  uoTqBJTds^H 


(uim/sqsaq)  ajra  3«aH 


(beats/min)  Heart  Rate  (beats/mln)  Heart 


Bird  273A 


Frequency 


1.6 


2.0 


2.4  2.8 

Body  Mass 


3.2 

(kg) 


3.6  4.0 


Figure  11.  Distribution  of  body  mass.  In  spite  of  its  irregularity, 

distribution  is  fairly  symmetrical,  the  mean  and  median  being 
similar.  Coefficient  of  variability  [ (SD/X)  x  100],  23%,  is 
not  unusually  high. 


Figure  12.  Distribution  of  HSG  tolerance.  Distribution  is  asymmetric 
with  marked  differences  between  mean,  median,  and  mode. 
Coefficient  of  variability  is  95%. 


TABLE  4.  HSG  TOLERANCE  AND  RELATED  FACTORS* 


Age 

Body  mass 

Tolerance 

Heart  rate 

AX 

iSLl 

r(25) 

(days) 

(k&) 

(min) 

(bpm) 

Heart  rate 

122116 

2.2010.34 

13.7113.2 

348134 

-10.9111.3 

Age  groups  ' 

1  (23) 

259110 

3.3610.35 

11.01  9.0 

293141 

-8.7124.0 

1  (10) 

3351  1 

3.1710.40 

6.81  3.5 

334115 

-12.1116.4 

L  (3) 

6151  0 

3.4210.14 

3.71  1.3 

302165 

-22.31  5.1 

Survivors 

(43) 

2161104 

2.7410.63 

12.3112.1 

326144 

-4.2116.2 

Nonsurvivors 

(18) 

2741148 

3.1910.67 

8.31  4.7 

315144 

-9.9123.8 

ALL 

(61) 

2331120 

2.8710.67 

11.1110.6 

323144 

-5.9118.7 

In  two  subgroups.  Information  was  obtained,  alternatively,  on  respiratory 
frequency  or  on  heart  size  and  gross  heart  pathology.  These  are  treated 
separately  since  they  are  not  equivalent  to  the  above  groups  or  to  each  other . 


AX 


ini 

r  (5) 
L(20) 

Age 

(days) 

Body  mass 
(kg) 

Tolerance 

(min) 

Respiratory 

frequency 

Respiratory 

frequency 

Age  groups  ^ 

146111 

259110 

2.2210.44 

3.3910.35 

25.1125.4 
11.31  9.5 

26.21  4.2 
32.9112.1 

+76.61  69.1 
+11.11  81.0 

Survivors 

(18) 

225151 

3.0310.63 

17.0116.1 

28.21  7.7 

+41.31  69.5 

Nonsurvivors 

(7) 

265110 

3.5010.35 

6.41  3.6 

40.1114.8 

-19.71100.2 

ALL 

(25) 

236147 

3.1610.60 

14.1114.5 

31.6111.3 

+24.21  81.9 

Relative  heart 
size  (g/kg) 

Age  groups  j 

r(20) 

(10) 

[  (3) 

116110 
3351  1 
6151  0 

2.1910.32 

3.1710.40 

3.4210.14 

10.816.3 

6.813.4 

3.611.3 

5.210.57 

5.410.61 

5.410.17 

Survivors 

(23) 

2051136 

2.4710.52 

8.516.1 

5.210.56 

Nonsurvivors 

(10) 

2811203 

2.9010.73 

10.015.0 

5.510.52 

ALL 

(33) 

2281160 

2.6010.61 

8.915.8 

5.310.57 

*SuflBarles  ■ 


mean  ±  SD. 


TABLE  5.  PARAMETRIC  RELATIONSHIPS® 


Tolerance  Relatlonahlpa 
Body 

Survlvora 

Nonsurvivora 

ALL 

Heart  rate: 

Survivor* 

Noneurvlvora 

ALL 

Ago: 

Survlvora 

Monaurvlvora 

ALL 

Correlatea  of  Body  Sire 
Heart  atae: 

Survlvora 

Honaurvlvora 

ALL 

Heart  rate; 

Survlvora 

Honaurvlvora 

ALL 

Boopiratory  fpoquonoy: 
ALL 

Correlataa  vlth  Aae 

Totoraneo  ana  body  mte: 
Young  (1221164) 

Medlw  (2S9110d) 

Old  (3351  Id) 

Tolmeaneo  and  haart  rate, 
Young  (1221164) 

Medlia  (2591104) 

Old  (3351  Id) 

Heart  rate  and  body  mat* 
Young  (1221164) 

Mcdlun  (2591104) 

Old  (3351  Id) 


_isi_ 

(43) 

(18) 

(61) 

Tol  -  1.56 

Tol  -  25.0  e^‘”“ 
Tol  •  18.4 

(43) 

(18) 

(61) 

Tol  -  0  in  0.0041HR 

III  r  I’ll  !0-«)55HR 

Tol  1.25  Oq  OOAftHS 
Tol  -  1.69 

(43) 

(18) 

(61) 

Tol  -  13.5 

Tol  -  12.2  e-?-?^!* 
Tol  -  13.1  e-®*®“t 

(23) 

(10) 

(33) 

HM  -  4.76  HmJ-JJI 

HM  -  6.53 

HM  -  5.07 

(43) 

(18) 

(61) 

HR  -  424  -36BM 

HR  •  414  -31BM 

HR  -  419  -33BM 

(26) 

RR  -  12.7  +  5.8 

(25) 

(23) 

(10) 

Tol  -  0.58 

(25) 

(23) 

(10) 

To,  .  ,  0.0044HR 

Tol  -  ^83 

III  -  l:ll  :0-0064HR 

(25) 

(23) 

(10) 

HR  -  459  -51BM 

HR  -  227  -fZOBM 

HR  •  348  -5BM 

Ir 

-0.152,  ne] 

Ir 

0.470;  p  <0.05] 

[r 

0.232;  p  -  0.07,  na] 

Ir 

0.214,  na] 

[t 

0.456;  p  <0.0S] 

Ir 

0.265;  p  -  0.04] 

It 

-0.183,  na] 

Ir 

-0.519;  p  <0.02] 

Ir 

-0.253;  p  <0.05] 

Ir 

0.903;  p  <0.001] 

Ir 

0.938;  p  <0.001] 

Ir 

0.911;  p  <0.001] 

Ir 

-0.506;  p  <0.001] 

Ir 

-0.477;  p  <0.001] 

Ir 

-0.503;  p  <0.001] 

Ir 

0.293,  na] 

Ir 

0.417;  p  <0.04] 

Ir 

0.120,  ne] 

Ir 

0.455;  p  •  0.11,  na] 

Ir 

0.184,  na] 

Ir 

0.400;  p  •  0.08,  ns] 

Ir 

0.233.  na] 

Ir 

-0.501,  ns] 

Ir 

0.169,  ns] 

Ir 

-0.079.  ns] 

Ir 

0.618,  ns] 

Ir 

0.255,  ns] 

Ir 

-0.0109,  ns] 

Ir 

0.027,  ns] 

Baapiratory  ftaqmnoy  and  body  nose: 
Young  (1221164)  (5) 

Mcdiia  (2591104)  (21) 

Other  Relatlonahlpa 

Baapiratory  fraeptenoy  v».  haart  rate; 

ALL  (26) 

^mediate  oardioreepiratory  reeponee; 

ALL  (25) 


RR  • 
RR  • 


13.0  + 
16.1  + 


5.9BM 

S.OBM 


RR  -  31.9  -0.0027HR 


AZRR  -  23.6  -*■  0.0976ZHR 


■Varloua  anlaal  charactarletlca  were  eoapared  with  treataent  reaulta  to  Identify  any  covarlancee. 
Syabola  and  unite  uaed: 

(n):  rnaaber  of  obeervatlona  Involved; 

Tol;  HSC  tolerance  In  ainutee — expooure  to  a  field  of  G-etrength  to  produce  a  bradycardia: 
BM:  body  aeaa  (kg); 

HR:  heart  rate,  beata  per  ainute; 

t:  tlae  factor  In  regraaflona,  aa  aontha  of  age; 

Wf:  heart  aaaa  (g);  relative  HM:  g  heart/kg  body  aaaa; 

RR:  reaplratory  frequency,  breathe  per  ainute; 

AZHR;  AZRR:  acceleration-induced  changea  aa  Z  difference  froa  pretreataent  value. 
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No  significant  relat lunshlpa  were  found  among  pretreatment  cardiorespiratory 
functions  or  their  re8|>onse8  to  the  onset  of  acceleration. 

In  one  subgroup  that  was  routinely  sacrificed  after  each  trial,  informa¬ 
tion  was  collected  on  heart  sice  and  posttreatment  gross  pathology — as  well  as 
on  body  size,  HSG  tolerance,  and  heart  rate.  The  observed  relationship  between 
body  size  (HM,  kg)  and  heart  size  (HM,  g)  is  somewhat  larger  than  reported  in 
the  literature  (3),  and  may  reflect  the  added  presence  of  cardiac  lesions: 

H  -  5.07  (herein) 

H  -  5.88  (3) 

In  this  subgroup,  the  median  HSC  tolerance  was  about  10  minutes,  and  about 
1/3  of  the  group  did  not  survive  the  treatment.  When  the  observations  are 
divided  upon  the  basis  of  HSC  tolerance  and  survivorship,  some  interrelation¬ 
ships  becoae  apparent  (Table  6).  Relatively  larger  hearts  are  associated  with 
a  longer  HSG  tolerance,  and  also  with  nonsurvival.  A  similar  association  is 
seen  in  the  gross  heart  pathology:  more  lesions  appear  in  those  with  greater 
HSG  tolerance  and  in  those  not  surviving  the  treatment.  These  findings  sug¬ 
gest  that  geometric  (i.e.,  heart  size)  and  temporal  (HSG  exposure  time)  factors 
are  as  important  as  biological  (tissue)  factors  in  the  induction  of  such  heart 
lesions. 


Influence  of  Chronic  Acceleration 

Our  laboratory  is  concerned  also  with  the  responses  of  animals  to  long¬ 
term  (months)  exposure  to  moderate  fields  (2  to  4  C).  This  treatment  simulates 
a  change  in  gravity  and  permits  an  estimate  of  gravitational  Influences.  Since 
the  animals  can  adapt  physiologically,  achieving  a  new  steady  state  which  does 
not  change  with  continued  exposure  (i.e.,  any  induced  changes  are  maintained 
chronically),  this  treatment  is  described  as  chronic  acceleration.  Several 
review  of  the  general  results  of  such  treatment  are  available  (24,28,32). 

A  particularly  Interesting  Influence  of  this  treatment  is  its  modification 
of  vascular  characteristics  and  circulatory  response,  which  have  been  reported 
by  others  with  rats  (12)  that  had  been  exposed  previously  to  a  3.2-G  field  for 
4  weeks.  Although  these  observations  may  not  duplicate  the  on-centrifuge  situa¬ 
tion,  they  are  important  in  demonstrating  changes  in  the  vasculature  and 
vasomotor  function  as  a  result  of  centrifugation. 

Pressure-flow  relationships  in  the  posterior  portion  of  rats  were  measured 
by  means  of  cannulatlon  of  the  abdominal  aorta  posterior  to  the  renal  artery. 
Four  resistance  components  were  Identified: 

Basal  resistance  (R),)  from  vascular  geometry  and  blood  viscosity. 

Local  resistance  (Rj)  from  smooth  muscle  activity  that  was  Indepen¬ 
dent  of  sympathetic  discharge. 

Sympathetic  resistance  (Rg)  from  the  Influence  of  sympathetic 
discharge  upon  the  vasomotor  apparatus. 

Myogenic  resistance  (R^,)  ■  Ri  Rg 

Total  resistance  (R^j  -  Rg,  +  Rb 
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TABLE  6.  ENDURANCE  AND  SURVIVAL  OF  TREATMENT  RELATIONSHIPS 
IN  PRODUCTION  OF  HEART  LESIONS 


Tolerance 

Result  of 

Treatment 

group 

Non- 

(aln) 

(n) 

Survivors 

(n) 

survivors 

IsL 

ALL 

HSC  Tolerance 

(nlnutes  to  bradycardia,  X  t 

SP]: 

<10 

(15) 

4.8±2.4 

(4) 

5.011.2 

(19) 

4.812.2 

>10 

(8) 

15.5±4.5 

(6) 

13.413.3 

(14) 

14.614.0 

ALL 

(23) 

8.S±6.1 

(10) 

10.015.0 

(33) 

9.015.8 

Relative  Heart  Size 

[g  heart  per  kg 

body  mass,  X  1  SD]: 

<10 

(15) 

5.23+0.53 

(4) 

5.1410.32 

(19) 

5.2110.49 

>10 

(8) 

5.0710.65 

(6) 

5.9210.35 

(14) 

5.4410.68 

ALL 

(23) 

5.1710.56 

(10) 

5.6110.51 

(33) 

5.3110.58 

Heart-Body  Size  Relationship  [all  highly  significant,  p  <0.001]: 


<10 

(15) 

H  -  5.06Bm1*°^ 

[r  -  0.892] 

(4) 

H  -  5.51BM0-86 
[r  -  0.980] 

(19) 

H  -  5.31BM°-®8 
[r  -  0.920] 

>10 

(8) 

H  -  4.51BM1--1^4 
[r  -  0.896] 

(6) 

H  -  5.78BM1*02 
[r  -  0.973] 

(14) 

H  -  4.60BM1-19 
[r  -  0.916] 

ALL 

(23) 

H  -  4.76BM1^-09 

(10) 

H  -  6.53Bm0-85 

(33) 

H  -  5.07Bm1-0^ 

[r  -  0.903]  [r  -  0.938]  [r  -  0.911] 


Gross  Heart  Lesions  (Z  incidence) : 


<10 


ALL 


rSEH 

1 

f 13. 3X 

r 

{  SEC 

(15)  ^ 

o.ox 

(4)  < 

l^NVL 

1 

t  86. 7X 

1 

rSEH 

1 

r  62. 5X 

{  SEC 

(8)  ] 

12. 5X 

(6) 

\^NVL 

1 

[  25. OX 

1 

fSEH 

1 

'  30. 4X 

f 

{  SEC 

(23)  < 

4.4X 

(10)  ^ 

l^NVL 

1 

65. 2X 

to 

1 

OX 

OX 

70X 

20X 

lOX 


f 15. 8X 
(19)  <  10. 5X 

(^73. 7X 

f 78. 6X 
(14)  7.  IX 

Ua.3X 


(33) 


42. 4X 
9. IX 
48. 5X 
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On  the  basis  of  these  measurements,  the  postacceleration  basal  resistance  de¬ 
creased  20%,  and  the  myogenic  resistance  increased  92%  (p  <0.05).  Consequent¬ 
ly,  resistance  in  an  enhanced  acceleration  field  increases  vasomotor  function. 

Baroreflexes,  which  Involve  principally  precapillary  vascular  changes, 
were  evaluated  by  measuring  resistance  at  various  blood  pressures  that  were 
obtained  by  treating  the  previously  centrifuged  animals  with  acetylcholine  and 
epinephrine.  The  results  indicated  that  chronic  acceleration  enhanced  the 
responsiveness  of  baroreceptors  two-  to  threefold. 

Chemoreceptor  reflexes  were  evaluated  b;  measuring  changes  in  systemic 
pressure  and  peripheral  resistance  accompany,  'g  a  20-second  period  of  hypoxia 
(tracheal  occlusion).  Systemic  pressures  were  reduced  40%,  and  peripheral 
resistance  reduced  14% — both  changes  being  statistically  significant.  These 
results  indicate  that  chemoreceptor  reflexes  are  depressed  by  previous  chronic 
acceleration. 

In  view  of  these  chronic  acceleration  effects  upon  circulatory  function, 
groups  of  experimental  birds  for  the  present  program  were  prepared  by  several 
months  exposure  to  2.5  G,  and  then  examined  for  their  response  to  HSG. 


Screening  Procedure 

The  chronically  accelerated  animals  were  put  through  the  screening  proce¬ 
dures  along  with  previously  untreated  hatchmates.  When  results  are  compared, 
Che  chronic  acceleration  apparently  did  not  affect  the  distribution  of  HSG 
susceptibility: 


Low  tolerance  (<4  min  @  6  G) 
Intermediate  tolerance  (<8  min, 
>4  min  @  6  G) 

High  tolerance  (>8  min  @  6  G) 


Previously 

uncreated 

birds 


22.6% 

34.0% 

43.4% 


Chronic- 

acceleration 

adapted 

10.0% 

50.0% 

40.0% 


Tolerance  to  Physiological  End  Points 

One  group  of  RIR  birds  was  adapted  to  2.5  G  (2-month  exposure)  prior  to 
evaluation  of  their  HSG  tolerance  (at  289  days  of  age).  Exposure  required  to 
Induce  a  bradycardia  in  these  previously  accelerated  animals  was  measured  at  6 
and  8  G — the  latter  after  a  3-day  rest  period.  Summaries  of  their  screening 
responses  and  their  capability  to  maintain  a  normal  heart  rate  at  6  G  (the  lat¬ 
ter  compared  with  responses  of  previously  uncreated  hatchmates)  are  shown  In 
Table  7.  The  chronically  accelerated  animals  are  smaller  (a  characteristic  re¬ 
sult  of  this  treatment)  and  quite  tolerant  to  acute  acceleration — almost  75% 
greater  than  previously  untreated  animals  to  6  G  (although  Che  difference  is 
not  statistically  significant).  Chronically  accelerated  animals  also  exhibit 
greater  heart  and  respiratory  frequency  responses  upon  acute  acceleration — 
factors  which  appear  to  enhance  acceleration  tolerance  in  untreated  animals. 
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TABLE  7.  HSG  TOLERANCE  AFTER  CHRONIC  ACCELERATION  ADAPTATION® 


Acceleration 

treatment 

(mln/G) 


Tolerance  Screening  at  6  G 
Group 

characteristics  _ Survivors _ 

Body  mass  (kg)  Body  mass  (kg) 

(n)  (MeantSD)  (n)  (MeantSD) 


2.7210.21 

2.6910.20 


2.6910.20 

2.6610.28 


Nonsurvivors _ 

Body  mass  (kg) 
(n)  (MeanlSD) 

(1)  2.99 

(4)  2.7210.06 


Physiological  Tolerance  Limit — to  a  Bradycardia 

At  from  previously 
untreated  birds 
MeanlSD  (Table  1) 


At  6  G+z  (n  -  5) 

Body  mass  (kg) 

Tolerance  (min) 

Initial  heart  rate  (bpm) 

Change  In  heart  rate  (At) 

Initial  respiratory  frequency  (bpm) 
Change  In  respiratory  frequency  (At) 


MeanlSD 

2.6910.19 

30.0121.7 

294117 

11.2110.7 

21.717.45 

38.0139.7 


-17.0,  p  <0.001 
+72.9,  ns 
-1.7,  ns 
+195,  p  <0.02 
-24,  ns 
+93,  ns 


At  8  G+z  (n  -  4) 

Body  mass  (kg)  2.6310.10 

Tolerance  (min)  10. 00+4.06 

Initial  heart  rate  (bpm)  283126 

Change  in  heart  rate  (At)  19. 313.68 

Initial  respiratory  frequency  (bpm)  18.016.0 

Change  in  respiratory  frequency  (At)  186.31203.5 

2-month  exposure  to  2.5  G 


At  from  6  G 
(above) 

-2.2,  ns 

-67,  p  “0.09,  ns 
-3.7,  ns 
+72,  ns 
-17,  ns 

increased  3.9-fold,  ns 


The  tolerances  at  6  and  8  G  appear  to  be  related,  but  only  the  exponential 
relationship  Is  statistically  significant: 

Arithmetic:  Tolgg  ■  ~1*73  +  0.66  ToI^q  Ir«0.850,  p-0.07,  nsj 
Exponential:  Tolgc  -  3.4e®*022  ToI^g  (r-0.909,  p  <0.04 J 

where:  Tol  ■  minutes  exposed  to  a  field  of  G  Intensity  until 
a  bradycardia  develops. 
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There  also  appears  to  he  some  covariance  for  the  change  in  respiratory  fre¬ 
quency,  but  not  heart  rate,  between  the  two  treatments.  Neither,  however.  Is 
statistically  significant: 

A  heart  rate  (AZH) : 

AXHgc  -  -9.68  +  0.55  AXH^g  (r  -  0.247,  ns] 

A  respiration  (AZR): 

AZRgg  -  33.3  +  3.0  AZRgg  [r  -  0.770,  p  -  0.08,  ns] 


Pretreatment 

Early  in  the  repetitive  treatment  series,  the  initial  response  (l.e., 
early  mortality)  appeared  to  be  affected  by  the  time  lapse  since  the  previously 
applied  screening  procedure.  For  example,  the  1-day  group  was  started  1  or  2 
weeks  after  the  initial  screening  and  suffered  an  83Z  first-day  mortality.  The 
1-month  group,  however,  was  started  very  soon  after  the  initial  screening  and 
had  only  a  22%  mortality  on  the  first  day.  The  previous  acceleration  apparent¬ 
ly  had  improved  the  response  to  the  later  HSG.  Since  the  pretreatment  was  of  a 
low  order,  it  was  not  considered  to  have  an  adaptive  effect;  however,  it  appar¬ 
ently  had  conditioned  the  response  (in  the  usual  physiological  meaning  of  the 
term),  perhaps  by  enhancing  the  acuity  of  the  hemodynamic  reflexes.  Familiar¬ 
ization  with  the  centrifugation  treatment,  limiting  adverse  emotional  responses, 
also  was  considered  to  be  a  possible  factor. 

The  value  of  priming  exposures  on  acceleration  tolerance  was  tested  by 
pretreating  groups  of  birds  that  would  be  used  in  the  6-month  repetitive 
series.  Three  pretreatment  schedules  were  used: 

Schedule  I  -  one  1-minute  4-G  exposure  dally 

II  -  four  1-minute  4-G  exposures  daily 
III  -  no  preconditioning 

These  schedules  were  applied  for  1  week  immediately  before  starting  the  animals 
on  the  6-month  treatment  period.  After  the  first  regular  treatment  period 
(l.e.,  after  four  4-mlnute  exposures  at  6  G)  the  appearance  scores  (page  14)  of 
these  birds  were  recorded;  also,  4  hours  later,  blood  samples  were  taken  for 
hematological  examination  (these  results  are  summarized  in  Table  8).  From  the 
change  in  relative  lymphocytes  (as  well  as  mortality.  Indicated  by  decreasing 
sample  size),  preconditioning  is  seen  to  have  a  very  beneficial  effect  on  toler¬ 
ating  repetitive  HSG.  The  minimal  pretreatment  schedule  (schedule  1)  appears 
to  be  superior.  The  hematological  response  of  those  on  schedule  11  indicates 
that  this  preconditioning  was  physiologically  stressful.  Subsequently,  both 
pretreatment  schedules  were  applied  over  much  longer  periods  to  determine  if 
these  induced  any  physiological  changes. 


Schedule  II  —  7  minute  at  4  Gj  4  times  daily 

A  group  of  six  birds  was  placed  on  this  regime  when  they  had  a  mean  size 
of  1.40  ±  0.36  kg — about  2/3  of  mature  body  size.  At  the  end  of  an  11-week 
period,  the  centrifuged  birds  were  significantly  smaller  than  their  controls. 
This  lesser  body  size  appeared  to  be  associated  with  a  loss  of  depot  fat  (Table 
9) — only  one  control  bird  lacked  a  developed  abdominal  fat  pad  and  only  one 
centrifuged  bird  had  a  significant  fat  pad.  Both  small  size  and  loss  of  depot 
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TABLE  8.  COMPARISON  OF  LYMPHOCYTE  FREQUENCIES*  FOR  PRECONDITIONED  AND  NON- 
PRECONDITIONED  RIR  COCKS 

Croup  I  Group  II 

1  minute  at  4  C  1  minute  at  4  C  Group  III 

once  daily^  4  times  daily^  no  preconditioning 

(n)  meantSD  (n)  meantSD  (n)  meantSD 

Initial  observation,  prior  to  start  of  acceleration  schedule: 

(12)  62.4±8.7X  (18)  60.2ll0.7X  (18)  69.5l9.6X 

After  AM  treatment  (4  minutes  at  6  G,  4  times  dally)  —  first  day  schedule: 

(8)  51. 8118. OX  (14)  38. 4113. 8X  (14)  42. 6116. 4X 


After  AM  treatment,  first  day  of  second  week: 

(5)  52. 0111. 4X  (9)  40. 819. OX 


(10)  42. 7115. 8X 


After  AM  treatment,  first  day  of  third  week: 

(4)  67. 217. IX  (9)  49. 0111. IX 


(6)  54.218.3X 


®X  of  WBC  4  hours  after  regular  acceleration  treatment  (four  4-min  6-G 
exposures),  which  is  given  twice  dally. 

'’Preconditioning  schedule  for  1  week  prior  to  acceleration  treatment. 


TABLE  9.  AUTOPSY  RESULTS  AFTER  SCHEDULE  II  PRECONDITIONING® 
Bird  Weight 


No. 

- 

Comments 

6 

1.34 

Died  after  6th  week;  anemic;  enlarged  proventrlculus  with 
internal  tissue  masses;  heart  muscle  flabby;  general  anemic 
appearance  to  Internal  tissues  and  organs. 
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1.48 

Right  kidney  small  with  multifocal  hard  yellow  nodules  about 
3-mm  diameter;  heart,  7.5  g;  1+  SEH  on  wall  of  left  ventricle. 

81 

1.96 

Focal  congestion  and/or  hemorrhage  in  right  lung;  heart,  10.0  g 
no  abdominal  fat  pad. 

156 

2.25 

Focal  congestion  and  hemorrhage  in  left  lung:  heart,  14.4  g; 
substantial  abdominal  fat  pad  (53  g) . 

179 

2.11 

Focal  pulmonary  or  hemorrhage  in  right  lung;  heart,  15.0  g; 
no  abdominal  fat  pad. 

186 

1.93 

Focal  hemorrhage  in  left  lung;  heart,  11.6  g;  2-t‘  SEH  in  major 
papillary  muscles  of  left  ventricle;  no  abdominal  fat  pad. 

*Slx 

birds  were 
sacrificed 

centrifuged  1  minute  at  4  G,  4  times  dally  for  11  weeks,  then 
to  determine  any  Induced  pathology. 
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fat  are  commonly  encountered  with  chronically  accelerated  animals.  A  variety  of 
tissue  changes  were  observed,  Including  two  hearts  with  subendocardial  hemor¬ 
rhages,  and  congestive  or  hemorrhagic  changes  In  lungs  of  four  birds. 

In  the  11th  week  of  pretreatment  schedule  11,  blood  was  taken  from  the 
centrifuging  group  and  from  an  equivalent  control  group  to  determine  any  hemato¬ 
logical  effect  of  the  cumulated  treatment,  of  the  last  week  of  treatment,  and 
of  the  last  day  of  treatment.  The  results,  summarized  In  Table  10,  Indicate 
that  the  first  10  weeks  had  little  persisting  hematological  effect;  none  of  the 
observed  differences  between  centrifuged  and  control  animals  had  statistical 
significance.  The  last  week  of  treatment  (with  an  overnight  recovery)  had  a 
more  pronounced  effect,  with  a  highly  significant  reduction  In  the  packed  cell 
volume  (-6X).  However,  a  single-treatment  series  (Table  10:  5th  day  11th 
week)  appeared  to  Induce  marked  decreases  In  lymphocyte  frequency  (-19t)  and 
plasma  protein  concentration  (-22Z),  the  latter  being  highly  statistically 
significant  (p  <0.001).  The  decreasing  plasma  proteins  appear  to  represent  a 
selective  loss  through  the  vasculature  (rather  than  a  hemodllutlon) ,  since  the 
packed  cell  volume  (PCV)  Increased  slightly. 


TABLE  10.  ORGAN  AND  HEMATOLOGICAL  CHANGES  IN  SCHEDULE  II  PRECONDITIONING® 

Rel.  difference 


Body  mass  (kg) 

Relative  heart  mass  (g/kg) 

Rel.  abdominal  fat  pad  (g/kg) 

Blood  taken  before  treatment  on 
PCV  (X) 

Plasma  protein  (gZ) 

Lymphocytes  (ZWBC) 


Schedule  11 
(mean±SD) 

Controls 

(mean±SD) 

X  -SII 
'  C 

X  100) 

1.94±  0. 

,30 

2.54±0.35 

-24Z  p 

<0.02 

5.94±  0. 

,91 

5.88±0.41 

-41Z 

ns 

4.7  ±  4, 

,7 

7.9  ±7.8 

+1Z 

ns 

1st  day 

of 

11th  week  (weekend  rest) : 

44.5  ±  4, 

,1 

45.8  ±4.3 

-2.8Z 

ns 

5.54±  0, 

.18 

5.22±0.43 

+6.1Z 

ns 

70.6  ±12, 

.0 

78.8  ±4.4 

-10. 4Z 

ns 

Blood  taken  before  and  after  treatment  on  5th  day  of  11th  week: 


Pre treatment 
PCV  (Z) 

Plasma  protein  (gZ) 
Lymphocytes  (ZWBC) 

Posttreatment 

PCV  (Z) 

Plasma  protein  (gZ) 
Lymphocytes  (ZWBC) 


41.8  i  4.1 
5.44±  0.35 
69.4  ±  3.2 


43.9  ±  5.4 
4.30±  0.26 
57.0  ±11.7 


AZ  from  1st  day  11th  week^ 
-6.1  ±  3.9Z  p  <0.01 

-1.8  ±  6.8Z  ns 

+0.5  ±16. 7Z  ns 

AZ  from  5th  day  11th  week^ 
+2.6  ±  4.5Z  ns 

-22.6  ±  3.3Z  p  <0.001 

-19.0  ±19. 6Z  p  -  0.10,  ns 


^Centrifuged  1  minute  at  4  G,  4  times  dally  for  11  weeks,  then  sacrificed  to 
determine  any  induced  pathology. 

^Statistical  mean  of  Z  differences  for  Individual  birds. 


The  various  results  Indicate  that  schedule  II  does  Induce  physiological 
changes.  Consequently  a  similar  long-term  preconditioning  series  was  carried 
out  with  the  less  severe  schedule  1. 
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Schedule  I  —  1  minute  at  4  once  daily 

This  group  of  six  mature  birds  was  centrifuged  for  1  minute  at  4  G  once 
dally  for  a  period  of  10  weeks.  No  losses  In  body  mass  were  noted,  but  there 
was  a  marked  lack  of  abdominal  fat  pads  (Table  11)  as  with  schedule  11.  Each 
acceleration  Induced  a  small  lymphopenia,  which  was  highly  significant  at  the 
first  and  sixth  weeks.  This  was  readily  resolved  between  treatments,  since  no 
progressive  lymphopenia  was  observed  (Table  12). 


TABLE  11.  AUTOPSY  RESULTS  AFTER  SCHEDULE  1  PRECONDITIONING® 


Bird 

Weight 

No. 

0^8) 

Comments 

32 

3.03 

5-Qm  cyst  on  kidney;  heart,  22.7  g;  small  SEH  at  base  of 
papillary  muscle;  small  abdominal  fat  pad  (2  g). 

37 

2.48 

Heart,  23.1  g;  no  visible  lesions;  no  abdominal  fat  pad. 

44 

2.57 

Heart,  17.8  g;  no  visible  lesions;  no  abdominal  fat  pad. 

71 

2.35 

Small  spleen;  heart,  17.8  g;  subendocardial  congestion;  no 
abdominal  fat  pad. 

146 

2.46 

Small  spleen;  heart,  24.4  g;  no  visible  lesions;  no  abdominal 
fat  pad. 

211 

2.74 

Small  testes;  heart,  19.7  g;  no  visible  lesions;  no  abdominal 

fat  pad. 


Six  birds  were  centrifuged  for  1  minute  at  4  G  once  dally  for  10  weeks,  then 
sacrificed  to  determine  any  Induced  pathology. 


TABLE  12. 

Week  of 
treatment 


BODY  MASS  AND  LYMPHOCYTES  IN  SCHEDULE  I  PRECONDITIONING® 


Body  mass® 
±  SD 


_ Lymphocyte  frequencies^ _ 

t  of  WBCs  4  hrs  after  treatment; 

retreatment  t  of  pretreatment^ 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

10 


2.60  ±  0.28 
2.55  ±  0.30 

2.55  ±  0.27 
2.58  ±  0.26 
2.57  ±  0.27 

2.56  ±  0.23 

2.57  ±  0.23 

2.58  ±  0.24 
2.60  +  0.28 
2.60  ±  0.25 

(5th  day) 


69.0  ±  9.5  -16.0  ±  11. 3T  p  <0.01 


72.0  ±  9.5  -23.0  ±  7.2%  p  <0.001 


64.7  ±  7.8 

68.8  ±  8.9  -10.3  ±  14.2%  p  >0.10,  ns 


*Determined  before  the  first  treatment  each  week. 

'’Occasional  pretreatment  blood  samples  were  taken  for  hematology;  second  blood 
sample  also  was  taken  4  hours  after  the  treatment. 

‘^Statistical  mean  of  %  differences  for  Individual  birds. 
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This  dally  low-order  acceleration  schedule  apparently  does  not  Induce 
physiological  or  pathological  changes.  Time,  however,  did  not  permit 
evaluating  Its  effectiveness  as  a  priming  treatment — Improving  tolerance  to  a 
more  severe  schedule. 


Repeated  Treatment:  1  Day,  1  Week,  1  Month 

So  that  suitable  field  intensities  and  exposure  schedules  could  be  deter¬ 
mined,  many  birds  were  exposed  over  fairly  short  periods — in  1-day,  l-week,  and 
1-month  groups— principally  to  Identify  bird  survival  and  the  Induction  of 
heart  lesions.  A  sunmary  of  these  groups  is  presented  in  Table  13. 


TABLE  13.  SUMMARY  OF  REPEATED-TREATMENT  GROUPS  (RIR  MALES) 


Groups 

Treatment 

(6  G) 

PatholoKv  (X) 

(n“size) 

minutes 

X  dally 

Survive 

(X) 

SEH 

SEC 

NVL 

1-day  groups 

(3) 

1 

8 

100 

33 

0 

67 

(3) 

2 

8 

67 

33 

0 

67 

(9) 

3 

8 

56 

83 

0 

17^ 

(8) 

4 

8 

25 

50 

13 

37 

1-week  groups 

(3) 

1 

8 

100 

33 

0 

67 

(3) 

2 

8 

100 

33 

0 

67 

(7) 

4 

8 

71 

20 

0 

80*^ 

l-month 

groups 

(4) 

1 

8 

75 

33 

0 

67^ 

(3) 

2 

8 

100 

67 

0 

33 

(9) 

4 

8 

33 

_ c 

0 

Postmortem  observations  for  2  (of  5)  survivors. 
^’No  postmortem  observations  for  2  nonsurvivors. 
^No  postmortem  data. 


The  principal  result  of  these  experiments  was  establishing  a  treatment 
considered  suitable  for  the  6-month  repeated-treatment  series — 4  minutes  at  6 
G,  8  times  dally.  This  series  was  effective  in  producing  gross  cardiac 
lesions;  also,  a  reasonably  high  number  of  experimental  animals  could  be 
expected  to  tolerate  the  regime  for  6  months. 
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Repeated  Treatment:  6  Months 

The  major  task  of  this  program  was  to  develop  a  group  of  animals  that  had 
been  centrifuged  repeatei’  y  for  a  b-month  period.  The  treatment  schedule  was 
the  same  as  for  the  shorter  cumulated-ef f ect  studies — 4  minutes  at  b  G,  8  times 
daily  for  5  days  each  week.  Mortality  from  this  treatment  was  large;  from  an 
initial  group  of  48  animals,  three  completed  the  series.  Various  observations 
made  on  the  experimental  animals  will  be  described  separately. 


MorUzlity  Rate 

A  semilogarithmic  plot  of  percent  survivors  versus  duration  of  treatment 
(Fig.  15)  produces  a  complex  curve,  indicating  that  the  mortality  rate  is  con¬ 
trolled  by  multiple  processes.  The  observed  survivorship  curve  can  be  mathe¬ 
matically  resolved  into  its  component  parts  by  successively  subtracting  the 
slowest  reaction — identified  by  the  rectillnearity  of  its  semilogarithmic  plot 
(18,27).  With  this  procedure,  three  separate  modes  of  mortality  become  apparent. 


Figure  15.  Mortality  rate  with  repeated  centrifugation.  .\n  analysis 
of  survivorship  curves  indicates  that  there  are  three 
mortality  modes — Indicated  as  I,  II,  and  III  (in  decreas¬ 
ing  order  of  rate)  on  the  chart.  These  inodes  appear  to 
represent  three  subpopulations  that  exhibit  different 
gross  pathologies. 
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Tliese  have  been  extracted  from  tite  survivorship  curve,  and  numbered  (I,  II, 
III)  in  the  sequence  of  decreasing  mortality  rate.  All  are  expressed  as 
exponent ial  relat ionshlps : 


S 


t 


a  e 


-kt 


where:  S  represents  survivors  us  X  of  the  initial  complete  group,  and  is  at 

time  t  (days); 

a  Is  the  intercept  value — the  X  of  the  initial  group  which  dies  by  a 
particular  mortality  pattern; 

k  is  the  mortality  rate,  the  fraction  of  the  survivors  dying  per  unit 
time,  t . 


Equations  for  the  three  mortality  modes  are: 

Sjii  -  33.1e-0*0i29d 
Sji  - 

Sj^  -  23.7e"3.25d 

Mortality  mode  III  appears  to  control  the  mortality  rate  at  20  days  of  treat¬ 
ment  and  beyond;  up  to  day  19,  mode  II  is  dominant.  From  day  1  on,  the  sum  of 
mode  11  and  III  survivors  account  for  the  total  surviving  group;  but  at  day  0 
(i.e.,  the  Intercept),  approximately  25%  of  the  initial  group  is  not  accounted 
for.  This  was  interpreted  as  indicating  a  third  mortality  mode,  which  was  per- 
acute  and  not  otherwise  observed.  Assuming  that  it  accounted  for  25. 7X  of  the 
initial  group,  and  that  It  ceased  to  control  mortality  rates  after  the  first 
day,  the  cited  equation  (for  1)  was  derived. 


Occurrence  of  Acceleration  Mortality 

The  nature  of  the  treatment's  interaction  with  the  organism  also  appears 
to  vary  among  the  mortality  modes.  Mode  1  mortality  (35%  of  the  entire  group) 
necessarily  appears  on  Monday,  the  first  day  of  acceleration.  Mode  II  mor¬ 
tality  occurs  mostly  on  midweek  days,  and  mode  Ill  mortality  is  distributed 
largely  statistically: 


Mortality  (n) 

Mon. 

Tues. 

Wed. 

Thurs. 

Fri. 

I  (17) 

100.0% 

— 

— 

— 

— 

11  (18) 

11.1% 

AA.AX 

38.9% 

— 

5.6% 

III  (10) 

30.0% 

20.0% 

30.0% 

— 

20.0% 

The  lethal  process  in  acute  acceleration  appears  to  be  quite  abrupt,  and  is 
not  anticipated.  Mr.  Kinder  (who  operated  the  centrifuge  for  this  entire 
group)  says  that  animal  death  in  the  centrifuge  is  always  a  surprise.  This  is 
in  contrast  to  chronic-acceleration  mortality,  where  all  deaths  (except  per- 
acutes)  are  preceded  by  a  lymphopenia — or  a  perceptible  change  in  appearance 
(9,10).  The  lack  of  change  in  outward  appearance  or  behavior  prior  to  acute- 
acceleration  death  can  be  demonstrated  by  comparing  the  appearance  score  (page 
15,  which  is  routinely  made  after  centrifugation)  over  the  5  days  preceding 


37 


death  with  that  after  the  first  4  days  of  treatment.  Two  groups  of  birds  were 
thus  examined — 8  with  mode  II  mortality  and  a  mean  treatment  of  13.5  t  5  days 
prior  to  death;  and  6  with  mode  III  mortality  and  a  mean  treatment  of  71  ±  27 
days  prior  to  death: 


Day  Mode  11 

Mode  III 

Treatment: 

1  AM  1.8  ±1.0 

1.3  ±0.5 

PM  1.6  ±1.1 

1.5  ±0.8 

2  AM  1.5  ±0.8 

1.1  ±0.4 

PM  1.9  +0.8 

2.0  ±1.3 

3  AM  1.5  ±0.9 

1.3  +0.5 

PM  1.9  +0.8 

1.8  +0.8 

4  AM  1.8  ±1.6 

1.5  ±0.5 

PM  1.6  ±1.2 

2.0  ±0.6 

Mean:  1-4  days  1.7  ±0.95 

1.58±0.74 

Pretreatment: 

-5  AM  1.5  ±0.8 

1.1  ±0.4 

PM  1.5  +0.8 

1.3  ±0.5 

-3  AM  1.4  ±0.5 

1.3  +0.5 

PM  1.6  ±1.1 

1.5  ±0.5 

-2  AM  1.8  ±1.0 

1.1  ±0.4 

PM  1.9  +0.8 

1.1  ±0.4 

-1  AM  2.3  ±1.8 

1.1  ±0.4 

PM  1.6  +0.7 

1.1  ±0.4 

Mean:  -5-1  days  1.69±0.97 

1.25±0.44 

Hematology 

Hematological  observations  were  made  at  weekly  Intervals,  and  results  are 
summarized  In  Table  14  according  to  mortality  mode.  Lymphopenias  developed 
early,  but  no  systematic  differences  are  evident  between  the  three  mortality 
modes.  In  the  longer  surviving  group  (mode  III),  the  time  course  of  the 
lymphocyte  frequency  Is  complex  (Fig.  16).  A  recovery  from  an  early  lympho¬ 
penia  was  followed  by  a  more  severe  lymphopenia,  and  finally  a  significant 
lymphocythemla  developed  (18.8%  above  the  initial  value,  p  <0.001).  Although 
mortality  was  occurring  throughout,  no  systematic  lymphocytic  differences  are 
apparent  between  the  survivors  and  the  entire  group  (Table  14). 
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Figure  16.  Lymphocyte  frequency  (mean  ±  SD) ,  6-month  group  (mixle  111 
mortality).  (A  similar  plot  for  only  those  surviving  to 
20  weeks  was  not  systematically  or  significantly  different.) 

The  irregular  curve  was  drawn  by  Inspection  to  Indicate  tlie 
general  trend.  Although  a  lymphopenia  appeared  to  exist  at 
15  weeks,  the  final  lymphocyte  frequencies  (62.8  t  O.l  for 
the  last  5  weeks)  were  significantly  greater  (■♦■18.8%,  p  vQ.OOl) 
than  the  Initial  values  (52.9  +  5.2  for  the  first  8  weeks). 


Post-mortem  Findings 

Autopsies  were  conducted  routinely  on  all  animals  not  surviving  the  accel¬ 
eration  treatment.  When  the  gross  autopsy  findings  are  compared  with  the  mor¬ 
tality  mode,  the  three  mortality  categories  appear  to  have  different  pathogenic 
bases: 


Pathology 


Mortall ty 

Period  of 

X  of  initial 

(%  of 

category 

sample) 

category 

dominance 

group 

SEH 

SEC 

NVL 

I 

day  1 

35.4 

41.2 

35.3 

23.5 

11 

days  2-19 

37.5 

44.5 

33.3 

22.2 

Ill 

"day  19 

27.1 

15.4 

7.7 

76.9 

39 

TABLE  14.  HEMATOLOGY  AND  BODY  SIZE^  VERSUS  MORTALITY  MODE 


MODE  1  (17  death*  on  day  1) 
Lyaphocytc 


Day  1. 

p.b 

P-*+: 

(17) 

(5) 

Body  naas  frequency 

(fcgj _  _ ill _ 

2.39t0.38  67tl0 

35118  (AX  -  -48) 

MODE  II  (IS  deaths  within  3  weeks) 

Survivors  Nonsurvivors 

Lyiq>hocyte 

Lymphocyte 

Body  svaes 

frequency 

Body  BUos 

f  requency 

isL. 

(kB) 

.  (*)  . 

ini 

(kg) 

C) 

Weak  1, 

P: 

(11) 

1.6110.19 

66111 

(7) 

1.9410.59 

651  8 

P+4: 

liil 

— 

49116 

(71 

— 

41115 

(AX  -  -261 

(AX  -  -37) 

Week  2 , 

P: 

(6) 

1.5610.16 

48110 

(5) 

1.4510.17 

37118 

Week  3 , 

P: 

(3) 

1.5110.07 

621  7 

(3) 

1.8110.14 

43110 

NODE  III  (10  deaths  after  3  weeks) 

All 

Survivors  to 

24  weeks 

Lymphocyte 

Lymphocyte 

Body  mass 

frequency 

Body  mass 

frequency 

ini- 

.  (kB) 

(I) 

ini 

(kg) 

(X) 

Week  1, 

p;b 

(13) 

1.8310.40 

59110 

(4) 

1.9310.49 

51110 

P+4: 

(131 

— 

42113 

(41 

— 

34111 

Week  2 

P: 

(13) 

1.7910.39 

45110 

(4) 

1.8910.47 

391  9 

3 

P: 

(13) 

1.8610.32 

55110 

(4) 

2.0510.26 

52110 

4 

P: 

(13) 

1.9310.29 

531  7 

(4) 

2.0310.34 

541  6 

5 

P: 

(10) 

1.9310.24 

45114 

(4) 

2.0210.37 

551  4 

6 

P: 

(10) 

1.9610.19 

57111 

(4) 

2.0510.30 

57116 

7 

P: 

(10) 

2.0310.17 

54113 

(4) 

2.0910.26 

50117 

8 

P: 

(9) 

2.0310.19 

551  8 

(4) 

2.0810.30 

551  8 

9 

P: 

(9) 

2.0610.18 

51116 

(4) 

2.1110.29 

44117 

10 

P: 

(8) 

2.0910.17 

53110 

(4) 

2.1110.32 

53110 

11 

P: 

(8) 

2.0710.18 

59112 

(4) 

2.1310.26 

591  9 

12 

P: 

(8) 

2.0610.17 

46117 

(4) 

2.1310.23 

51111 

13 

P: 

(8) 

2.0810.18 

47117 

(4) 

2.1610.22 

55113 

14 

P: 

(8) 

2.1110.14 

51116 

(4) 

2.1810.19 

571  7 

15 

P: 

(8) 

2.0910.19 

41120 

(4) 

2.1810.24 

42122 

16 

P: 

(7) 

2.1410.18 

39116 

(4) 

2.1710.27 

44119 

17 

P: 

(6) 

2.1910.14 

45120 

(4) 

2.2110.19 

44121 

18 

P: 

(5) 

2.2210.17 

48116 

(4) 

2.2310.21 

44118 

19 

P: 

(5) 

2.2410.15 

51114 

(4) 

2.2410.19 

51116 

20 

P: 

(5) 

2.2410.16 

631  6 

(4) 

2.2510.20 

631  6 

P+4: 

(5) 

— 

48110 

(4) 

— 

471  9 

21 

P: 

(*) 

2.2610.19 

62i  5 

(4) 

2.2610.19 

631  3 

P+4: 

(41 

— 

471  8 

22 

P: 

(4) 

2.2710.18 

63i  4 

P+4: 

(41 

— 

43114 

23 

P: 

(37 

2.2410.19 

641  5 

P+4: 

(31 

— 

40111 

24 

P: 

(3) 

2.1410.23 

62111 

P+4; 

(31 

— 

44118 

®Mean  ±  SD. 

“p — Prior  to  All  treatment;  P+4 — again  4  hours  after  AM 
treatment . 
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Microscopic  analysis  (described  later)  Indicates  that  the  animals  not  exhibit¬ 
ing  gross  pathology  at  autopsy  are  not  necessarily  unaffected  by  the  treatment. 
Such  animals  appear  to  tolerate  or  perhaps  compensate  for  the  more  fundamental 
hlstopathology. 


Repeated  Treatment:  Modulated  for  Exposure  Time  or  Intensity 

When  the  results  of  the  6-month  repeated-treatment  experiments  were  evalu¬ 
ated,  the  very  large  mortality  and  significant  lymphopenias  Indicated  that 
systemic  stress  may  have  been  the  dominant  factor  (9,10).  Since  this  may  have 
altered  or  obscured  myocardial  pathologies,  additional  long-term  treatment 
groups  were  established,  with  treatment  schedules  modulated  so  as  to  maintain 
relative  lymphocyte  frequencies  within  normal  limits.  Initial  treatment  levels 
were  selected  that  would  probably  be  tolerable,  and  these  were  either  Increased 
or  decreased  periodically  to  prevent  systemic  stres8--with  exposure  time 
modulated  for  one  group,  and  field  intensity  for  the  other: 

Group 

designation 

AG  1  minute,  A  times  daily;  initially  at  3  G,  and 

Increasing  by  1-G  increments  at  7-week  intervals. 

A  T  Exposed  to  4  C,  4  times  daily;  initially  for  2 

minutes  per  exposure,  and  increasing  by  1-mlnute 
increments  at  7-week  intervals. 

The  treatment  schedules  and  their  effect  on  body  mass  and  relative  lymphocyte 
frequencies  are  summarized  in  Tables  15  and  16.  The  means  for  the  various  modu 
lated  treatment  periods  (Table  17)  indicate  that  neither  group  suffered  the 
degree  of  lymphopenia  encountered  in  the  previous  6-month  group.  A  mild  lympho 
penla  (-10X)  resulted  from  either  field-  or  time-modulated  treatment  (about 
half  as  much  as  with  the  previous  6-monCh  group),  and  this  was  readily  resolved 
between  treatments. 

Autopsy  findings  also  indicate  that  the  modulated  treatment  schedule  was 
the  least  severe  for  the  6-month  group  (Table  18).  Gross  heart  lesions  were 
seen  only  in  animals  dying  before  30  days  of  treatment — roughly  corresponding 
to  mortality  modes  I  and  II  of  the  previous  6-month  series. 


Maximum  Field  Tolerance  Responses  to  More 
Intense  but  Briefer  HSG  Exposure 

An  important  aspect  of  this  Investigation  is  the  relationship  between  the 
Intensity  of  acceleration  and  its  duration,  in  the  production  of  myocardial 
pathology.  Most  of  the  research  relates  to  fields  of  6  G — and  with  fairly  pro¬ 
longed  exposures.  A  separate  series  was  carried  out,  as  the  availability  of 
animals  and  centrifuge  schedules  permitted,  with  the  exposure  fixed  at  1  min¬ 
ute,  but  with  field  strengths  generally  increased  in  1-G  Increments.  The  heart 
rate  was  monitored  before,  during,  and  afterwards,  and  lymphocyte  frequencies 
were  measured  prior  to  and  4  hours  after  centrifugation.  The  individual 
results  are  presented  la  Api'endix  I),  .>n<l  suiniiti r Ized  In  Table  19. 


TABLE  15.  EFFECT  OF  MODULATED  G-FIELD  (AG)  6^10NTH  TREATMENT®  ON  BODY  MASS  AND  LYMPHOCYTE 
FREQUENCIES® 
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®Exposure  for  1  minute,  4  times  dally,  with  field  strength  controlled  so  as  not  to  Induce 
relative  lymphopenia. 


TABLE  16.  EFFECT  OF  MODULATED-EXPOSURE-TIME  (AG)  6-MONTH  TREATMENT®  ON  BODY  MASS  AND  LYMPHOCYTE 
FREQUENCIES® 
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Exposure  to  4  G,  A  times  daily,  with  exposure  times  varied  (1.5-5  rain/exposure)  so  as  not  to 
induce  a  relative  lymphopenia. 


TABLE  17.  MODULATED  (AG  and  A  T)  6-MONTH  TREATMENT 


Relative  Lymphocytes  (X  WBC) 


Body  First  _ Fifth  day 


Period  (days 

Field 

Survivors 

mass 

day 

_ ^  _ 

4  hours 

of  treatment) 

CG) 

_ (n) _ 

(kg) 

(pre-) 

(pre-) 

(post-) 

Field  modulated  — 

-AG 

Pretreatment 

1 

(6) 

2.87 

70.2 

— 

— 

±  SD 

±0.34 

±7.2 

0-34 

5 

(5) 

2.52 

67.0 

64.5 

55.2 

35-70 

6 

(4) 

2.39 

67.3 

66.3 

57.0 

73-103 

7 

(4) 

2.41 

65.5 

64.8 

54.3 

107-117 

8 

(4) 

2.39 

64.0 

59.5 

50.0 

Time  modulated  — 

A  T 

4-G 

exposure 

(min) 


Pretreatment 

0 

(6) 

2.32 

74.0 

±  SD 

0-34 

2 

(5) 

±0.24 

2.18 

±7.8 

67.5 

69.3 

48.8 

35-70 

3 

(4) 

2.23 

68.3 

69.3 

61.5 

73-103 

4 

(3) 

2.26 

69.3 

73.8 

64.5 

07-117 

5 

(3) 

2.22 

65.0 

68.5 

59.0 

TABLE  18.  AUTOPSY  FINDINGS— MODULATED  (A  G  and  A  T)  TREATMENT  GROUPS 


A  G  group 


A  T  group 


Total  days 


rd  No. 

of  treatment 

Lesions 

1 

116  (sacrificed) 

NVL 

9 

2  (died) 

SEH 

15 

28  (died) 

SEH 

64 

116  (sacrificed) 

NVL 

140 

116  (sacrificed) 

N\'L 

190 

116  (sacrificed) 

NVL 

69 

116  (sacrificed) 

NVL 

194 

81  (died) 

NVL 

199 

1  (died) 

SEH 

206 

50  (died) 

NVL 

227 

116  (sacrificed) 

NVL 

228 

116  (sacrificed) 

NVL 

44 

TABLE  19.  PHYSIOLOGICAL  RESPONSES®  TO  1-MINUTE  HSG  EXPOSURE 
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Mean  ±SD.  See  Appendix  D  for  individual  data. 
Animals  centrifuged  for  1.5  minutes. 
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A  total  of  63  birds  were  treated  in  this  series,  all  of  which  survived. 
Several  were  sacrificed,  and  no  evidence  of  gross  heart  pathology  was  noted. 
Apparently,  then,  chickens  are  quite  tolerant  to  very  high  acceleration  fields 
when  the  duration  of  exposure  does  not  exceed  1  minute.  A  variety  of  changes, 
however,  were  observed  in  cardiac  and  vegetative  function,  indicating  that  the 
treatment  had  a  physiological  effect  which  generally  was  proportional  in  degree 
to  field  strength. 

Heart  Rate 

The  Influence  of  the  1-mlnute  HSt;  exposures  upon  heart  rate  (HR),  as  AX  HR 
of  pretreatment  value,  is  shown  for  several  time  periods  in  Figures  17-22. 

Over  the  first  20  seconds  in  fields  of  12  G  or  less,  the  birds  generally 
exhibit  a  tachycardia;  to  more  Intense  fields,  the  general  response  is  a 
bradycardia  (Fig.  17).  Over  this  initial  period  the  relationship  of  field 
strength  upon  heart  rate  appears  to  be  arithmetic: 

(20  seconds  centrifugation] 

AX  HR  -  18.55  -1.55  (G-1)  (r  -  -0.693;  p  <0.01] 

-  -1.55  (G-12.97) 

Over  the  full  minute  of  centrifugation,  the  general  effect  is  a  bradycar¬ 
dia  (Fig.  18),  although  apparently  a  tachycardia  would  be  maintained  in  fields 
below  6  G.  There  also  appears  to  be  an  interaction  between  the  treatment  and 
animal  age  (see  Table  19),  with  older  birds  having  a  greater  bradycardia  in 
equivalent  fields.  The  Influence  of  field  strength  upon  heart  rate  over  the 
full  minute  of  treatment  appears  to  be  arithmetic: 

(1  mlmte  centrifugation] 

AX  HR  -  11. 3A  -2.57  (G-1)  (r  -  -0.936;  p  <0.001] 

-  -2.57  (G-5.A2) 

With  cessation  of  centrifugation,  an  intensification  of  the  acceleration- 
induced  bradycardia  occurs — rather  than  a  rebound  tachycardia  which  may  have 
been  anticipated.  This  relationship  is  indicated  in  Figure  19,  which  compares 
heart  rate  for  the  first  20  seconds  after  centrifugation  with  field  strength. 
Again,  the  kinetics  appear  to  be  aritlimetic: 

[20  seconds  post  centrifugation] 

AX  HR  -  16.10  -3.42  (G-1)  (r  -  -0.816;  p  vO.OOl  ] 

-  -3.42  (G-5.71) 

The  tendency  for  a  more  pronounced  postcentrifugation  bradycardia  is 
transient,  and  diminishes  over  the  entire  first  minute  after  centrifugation 
(Fig.  20); 


(1  minute  post  centrifugation] 

AX  HR  -  9.26  -1.71  (G-1)  (r  -  -0.725;  p  <0.01] 

-  -1.71  (G-6.42) 

The  transient  nature  of  the  centrifugation  bradycardia  is  also  indicated  by  the 
direct  comparison  of  postcentrifugation  heart  rate  with  the  heart  rate  during 
centrifugation  (Fig.  21): 
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00 


related  to  the  previous 
treatment  (HSG) . 


f T 


At  -  0.68  (AX  HR^„  -2.Ab) 

Ir  -  0.8A2;  p  vO.OOl] 

During  the  second  minute  after  centrifugation,  about  half  of  the  animals  have 
regained  their  precentrifugation  heart  rate,  and  there  is  no  longer  any  evi¬ 
dence  of  a  systematic  Influence  of  the  previous  treatment  (Fig.  22).  In  the 
second  minute  after  centrifugation,  the  heart  rate  is  not  significantly  related 
to  either  the  precentrifugation  or  the  centrifugation  heart  rate: 

AX  HR  -  -5.84  +0.364  (0-1)  Ir  -  0.111;  ns) 

-  0.364  (0-16.06) 


f.yrrq'hooi/ta  Fnujuinujy 

Blood  smears  prepared  from  each  bird  before  centrifugation  and  again  4 
hours  later  were  evaluated  for  lymphocyte  frequency,  to  determine  the  presence 
of  a  systemic  stress.  Results  of  these  studies  are  summarlr.ed  in  Figure  23; 
although  there  is  much  variability,  the  relative  lymphocyte  frequency  (XL- 
(L/Lq)  X  100)  appears  to  be  exponentially  related  to  field  strength: 

AX  L  -  11.73  -2.00  (O-l)  (r  -  -0.756;  p  <0.01) 

-  -2.0  (0+4.88) 

A  more  reasonable  relationship  is  obtained  by  forcing  it  through  the  origin — so 
that  no  lymphopenia  is  Indicated  for  normal  gravity: 

AX  1,  -  -2.95  (0-1) 

These  results  indicate  tinit  at  least  a  minute's  exposure  to  a  2.5-<.  field 
is  required  to  elicit  a  lymphopenia,  and  at  least  a  7-  or  8-0  field  is  required 
to  elicit  a  significant  lymphopenlc  response — a  25X  decrease  in  lymphocyte 
f  requency . 

Ikydy  Unui 

The  birds  were  weighed  periodically  following  the  1-mlnute  exposure  to 
HSt;,  and  the  results  (BM  as  X  of  pretreatment  BM)  are  summarized  in  Figure  24. 

A  common  res|H)nse  to  this  treatment  was  a  I-  or  2-day  period  of  growth  repres¬ 
sion,  found  rather  uniformly  up  to  a  13-0  field.  At  this  point,  this  growth 
response  became  persistent  and  lasted  about  2  weeks.  Above  13  0,  growth  repres¬ 
sion  was  presumably  the  result  of  a  metabolic  response  to  the  treatment.  Above 
16  0  the  effect  became  more  pronounced,  also  more  persistent. 

Field 


1  day 

3  days 

6  days 

10  days 

14  days 

20  days 

5-13 

(40) 

99.7±2.2 

100.1±2.4 

101.8±3.5 

104.3±5.4 

107.t>±7.0 

_  _ 

14-15 

(9) 

98.9±2.2 

98.6±2.7 

98.9±3.9« 

98.9±4.6»' 

1 00.0+4. 7 c 

16-18 

(9) 

99.1+2.5 

97.2+4.2« 

97.3±5.0a 

96. 5+6. 4b 

98.6*<).5h 

99.5+6.0 

'  <0.05, 

^  <0, 

.01,  and 

< 0.00l--probabl 1 1 t les 

of  difference  from  tlte 

5-  to  13-( 

group. 
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This  response  to  HSG  exposure  is  restricted  to  a  depressed  vegetative  func¬ 
tion.  The  animals  behaved  normally  and  did  not  appear  to  suffer  any  physical 
limitations.  Feed  balance  studies  were  not  conducted,  so  it  is  not  known  if 
this  response  is  one  of  anorexia  or  one  of  an  Increased  maintenance  requirement 
(metabolic  rate).  Similar  changes  seen  in  chronically  accelerated  animals  (28, 
29)  involve  a  transient  anorexia  and  an  elevated  maintenance  requirement.  (Cur¬ 
rently,  involvement  of  endocrine  mechanisms  is  considered  likely.  The  signifi¬ 
cance  of  this  finding  is  the  implication  that  even  brief  exposures  to  very  high 
acceleration  fields  ( >13  G  for  chickens)  Induce  a  metabolic  derangement  which 
may  be  quite  persistent.  This  phenomenon  appears  to  be  unrelated  to  the  myocar¬ 
dial  problems,  which  arise  with  longer  exposure,  and  it  does  not  appear  to 
involve  an  overt  sickness  or  organic  damage. 


Cumulative  Effects  of  Maximum  Fields 

Since  the  single  1-minute  exposure  did  not  produce  any  severe  mortality  or 
apparent  pathology,  two  groups  of  birds  were  exposed  to  a  series  of  eight  1- 
minute  exposures  of  12  G.  One  group  had  all  treatments  in  1  day  (4  in  the  morn¬ 
ing  and  4  in  the  afternoon,  with  3  minutes  between  treatments);  the  other  group 
had  the  treatment  spread  over  2  days  (2  morning  and  2  afternoon  exposures  each 
day,  with  1  hour  between  accelerations).  The  animals  were  sacrificed  and  autop- 
sied  after  the  last  treatment.  Observations  from  this  experimental  series  are 
summarized  in  Table  20. 


TABLE  20.  CUMULATIVE  EFFECTS  OF  REPEATED  1-MINUTE  EXPOSURES  TO  12  G 


(n) 

Body  mass 
(kg) 

Lymphocytes 

After  last 

Initial  treatment 

(L/lOO  WBC)  (hrs)  (  AX ) 

8  treatments  in 

1  day 

(2)3 

1.85±0.30 

48.5±16.3 

4  -54.1±45.8 

24  -0.3+56.9 

48  -26.6±23.5 

8  treatments  in 

2  days 

(3) 

2.76±0.38 

83. 3±  5.5 

4  -55.5±11.8 

Wing 

band 

Heart 

Abdominal 
fat  pad 
(g) 

Pathology 

(g) 

(g/lOOg 

BM) 

Heart 

Other 

8  treatments  in  1 

day: 

48 

11.6 

7.07 

0 

NVL 

Some  hemorrhage,  both  lungs. 

563 

15.3 

7.03 

0 

Petechiae^ 

10  ml  pericardial  fluid; 

engorged  duodenal  loop. 

95 

10.8 

5.64 

0 

NVL 

Some  hemorrhage,  both  lungs. 

8  treatments  in  2 

days: 

159 

18.7 

6.31 

16 

NVL 

Some  hemorrhage,  both  lungs. 

177 

17.2 

7.71 

13 

NVL 

«t  II  II  II 

984 

19.8 

7.08 

95 

NVL 

•1  It  tl  II 

®0ne  bird  died  on  third  acceleration. 

^Petechial  hemorrhages  on  ventral  borders  of  ventricles. 
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The  eight  1-minute  exposures  to  12  G  were  tolerated  by  most  birds.  At 
autopsy,  no  myocardial  changes  were  evident  in  the  survivors  of  the  treatment — 
indicating  that  duration  of  a  single  exposure  may  be  more  Important  than  field 
Intensity  or  total  exposure  time  to  the  Induction  of  such  pathology.  A  rather 
surprising  finding  was  the  uniform  appearance  of  pulmonary  hemorrhages— which 
is  not  at  all  common  in  the  other  kinds  of  treatments. 


MYOCARDIAL  PATHOLOGY 

The  heart  muscle  is  subject  to  injury  from  a  variety  of  causes.  Coronary 
artery  disease  often  results  in  ischemic  necrosis,  and  a  number  of  Infectious 
diseases  will  produce  primary  inflammatory  reactions  with  degeneration  of 
adjacent  myocytes.  Severe  stress  from  hemorrhagic  shock  (11,22),  forcibly  re¬ 
strained  posture  (19),  and  structural  alterations  in  the  myocardium  (cardio¬ 
myopathy)  of  animals  and  possibly  man  (25)  will  produce  myocardial  pathology, 
but  the  mechanism  of  heart  damage  from  such  stimuli  is  poorly  defined.  Similar 
ly,  exogenously  administered  catecholamines  produce  myocardial  injury  through  a 
mechanism  that  is  not  entirely  understood  (16).  According  to  one  hypothesis, 
the  release  of  endogenously  stored  cardiac  catecholamines  during  episodes  of 
stress  can  result  in  degeneration  of  cardiac  myocytes.  Subsequent  fibrosis  re¬ 
sulting  from  repeated  injury  over  a  prolonged  period  may  account  for  some 
decrease  in  myocardial  functional  reserve  and  may  ultimately  contribute  to  the 
death  of  a  stressed  individual. 

The  remarkable  structural  similarities  between  these  apparently  stress- 
related  (catecholamine-induced)  myocardial  lesions  in  man  and  their  counter¬ 
parts  in  stressed  experimental  animals  have  promoted  an  interest  in  an  animal- 
model  system  suitable  to  studies  of  long-term  cardiovascular  sequelae  of  high 
sustained  HSG  stress.  In  this  program  we  have  examined  about  200  birds  that 
had  been  accelerated  according  to  several  schedules.  The  significant  patho¬ 
logical  developments  are  summarized  in  Appendix  E. 

Single  (Acute)  HSG  Exposure 

Examination  of  hearts  from  birds  that  had  received  a  single  exposure  to 
HSG  of  varying  intensity  and  duration  has  resulted  in  the  identification  of 
several  pathological  changes,  collectively  termed  acceleration  cardiomyopathy. 
Such  lesions  have  been  described  and  characterized  in  both  the  chicken  (30)  and 
minature  swine  (21),  and  both  species  have  been  proposed  as  suitable  models  for 
investigating  potential  health  effects  of  HSG  on  personnel  operating  high- 
performance  aircraft. 

A  high  percentage  of  chickens  exposed  to  acute  HSG  show  bright-red,  well- 
delineated  subendocardial  hemorrhages,  which  generally  are  associated  with  left 
ventricular  papillary  muscles.  These  lesions  are  characterized  by  an  extravasa 
tion  of  red  blood  cells  between  the  endocardium  and  myocardium,  which  frequent¬ 
ly  invest  bundles  of  Purklnje  fibers  (Fig.  23).  Adjacent  to  these  areas  of 
subendocardial  hemorrhage,  severe  congestion  of  myocardial  capillaries  is  also 
generally  apparent.  Simple  congestion  of  the  myocardial  capillaries  (SEC)  in 
the  absence  of  subendocardial  hdmorrhage,  another  frequent  occurrence,  may  rep¬ 
resent  early  or  mild  changes  in  cardiac  microcirculation  preceding  myocardial- 
subendocardial  hemorrhage. 


54 


In  routine  paraffin-embedded  heart  sections,  changes  In  the  cardiac  myo¬ 
cytes  cannot  generally  be  appreciated.  However,  In  l-pm  toluldlne-blue- 
stalned,  plastic-embedded  sections,  structural  changes  In  Individual  myocytes 
can  be  resolved.  Such  alterations  are  evident  as  foci  of  hypercont racted  myo¬ 
cytes  characterized  by  reduction  of  sarcomere  length,  with  more  closely  opposed 
Z  bands  (Klg.  26).  Ultimately,  a  confluence  of  Z-band  material  between  several 
adjacent  sarcomeres  produces  a  wide  band  of  dense  amorphous  material,  or  con¬ 
traction  band  (Fig.  27).  Further  degenerative  changes  In  cells  adjacent  to 
those  In  which  contraction-band  formation  Is  taking  place  consist  of  severe 
swelling  of  organelles  (especially  mitochondria  and  sarcoplasmic  reticulum), 
necrosis  with  Infiltration  of  Inflammatory  cells  (Fig.  28),  and  dehiscence  of 
Intercalated  discs  (Fig.  29).  Intravascular  platelet  plugs  routinely  border 
areas  of  severe  degeneration  (Fig.  30). 


Figure  26.  Characteristic  myoflber  hypercontraction  (arrows)  In  Epon- 
embedded,  l-pm  section  from  an  area  of  the  myocardium 
remote  to  hemorrhages.  (Toluldlne  blue,  x  250) 


Although  the  consequences  and  ultimate  resolution  of  these  degenerative 
myocardial  lesions  associated  with  HSG  are  currently  unknown,  further  studies 
are  In  progress  to  define  pathological  changes  occurring  In  the  hearts  of 
chickens  undergoing  chronic  HSG. 


Recurrent  (Chronic)  HSG  Exposure 

In  the  final  phase  of  this  study,  the  cumulative  effects  of  repeated  HSG 
were  examined  In  hearts  from  9  birds,  segregated  Into  3  groups  of  3  birds  each 
which  were  subjected  to  differing  Intensities  of  acceleration  for  a  period  of  6 
months.  Following  In  situ  perfusion  with  cold  2%  gluteraldehyde,  blocks  of 
myocardial  tissue  were  selected  from  each  of  the  3  left-ventricular  papillary 
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Figure  27.  Abnormal  distribution  (translocation)  of  mitochondria,  (x  5,000) 
a — Many  mitochondria  are  swollen  and  contain  large  flocculent 
densities.  Sarcomere  I  bands  have  disappeared.  Indicating 
hypercontraction.  Sarcomere  Z-band  material  has  become 
confluent  in  several  areas,  forming  contraction  bands  (arrows) 
b — Similar  but  more  severe  changes  In  the  heart  from  an  area  of 
Intramyocardlal  hemorrhage. 
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Figure  28.  Necrosis  and  lysis  of  cardiac  myocytes  with  Influx  of 
Inflannatory  cells,  (x  6,000) 


Figure  29.  Dehiscence  of  an  Intercalated  disc  In  area  of  myocardial 
Injury,  (x  8,000) 


Figure  30.  Epon-embedded ,  l-pn  section  froa  an  area  of  ayocardlal 
hemorrhage.  Note  the  hypercontracted  state  of  the  myo- 


flbers,  Che  decreased  staining  affinity  of  the  cells, 
and  Che  granular  nature  of  Che  sarcoplasm  (swollen 
mitochondria).  A  platelet  plug  Is  present  In  a  small 
vessel  (arrow).  (Toluldlne  blue,  x  250) 


muscles  and  prepared  for  electron  microscopy.  From  these  birds,  129  blocks  of 
myocardial  tissue  were  examined  In  l-pm  Coluldlne-blue-stalned  sections  by 
light  microscopy. 

In  13  of  the  129  blocks  examined,  myocardial  capillaries  In  some  regions 
contained  numerous  red  blood  cells  and  appeared  to  be  inadequately  perfused. 
Adjacent  sections  of  tissue  showed  empty  and  widely  dilated  capillaries  consis¬ 
tent  with  adequate  perfusion.  Although  unperfused  areas  of  Che  heart  had  a 
distinct  morphologic  appearance,  the  underlying  changes  associated  with  accel¬ 
eration  cardiomyopathy  were  not  obscured.  However,  because  of  the  apparent 
lack  of  perfusion,  these  13  blocks  were  excluded  from  analysis. 

To  represent  the  spectrim  of  pathological  changes  In  the  hearts,  12  blocks 
were  selected  on  the  basis  of  their  appearance  under  light  microscopy  and 
subsequently  were  examined  ultrastrucCurally. 

Pathological  changes  observed  In  Che  well-perfused  blocks  had  a  pacchy  dis¬ 
tribution  within  Che  papillary  muscle.  A  marked  difference  In  the  relative 
severity  of  change,  as  Indicated  by  Che  distribution  and  frequency  of  lesions, 
characterized  the  three  treatment  groups.  Birds  receiving  6  G  for  4  minutes,  8 
times  dally,  showed  Che  most  severe  myocardial  alteration;  while  those  receiving 
8  G  for  1  minute,  4  times  daily,  showed  the  least; 
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band 

No.  Treatment  (6-month  period) 


Relative 

pathologic 

severity 


91  6  G,  4  min,  8  times  dally  3 

107 
137 


69  4  G,  2-3  min,  4  times  dally  2 

227 

228 


1  3-8  G,  1  min,  4  times  dally  1 

140 
190 


Three  pathological  changes  were  encountered  most  often  In  birds  subjected 
to  chronic  HSG.  Light  microscopically.  Irregular  areas  of  the  myocardium 
demonstrated  less  Intense  staining  properties.  In  these  areas,  myofibrillar 
detail  (cross-strlatlons  and  longitudinal  fibrils)  was  obscured.  Surrounding 
myocytes  often  showed  normal  cy toarchitecture.  The  altered  areas  often  radi¬ 
ated  Into  the  myocardium  from  the  adventitia  of  small  vessels,  but  they  also 
could  be  observed  In  regions  not  associated  with  the  vasculature.  These  dam¬ 
aged  areas  were  interpreted  as  foci  of  fibrous  tissue  proliferation  and  most 
likely  represent  areas  of  previous  myocardial  degeneration  with  fibrous  resolu¬ 
tion  (Figs.  31,  32).  As  a  second  distinct  change,  cardiac  myocytes  Immediately 
surrounding  the  fibrous  areas  showed  a  marked  increase  In  the  frequency  of  In¬ 
tercalated  discs  (Fig.  33).  This  alteration  may  represent  an  adaptive  response 
by  the  Injured  myocardium  towards  structural  reinforcement  of  Intercell 
association — which  Is  Important  to  the  Interaction  and  normal  function  of  car¬ 
diac  myocytes.  Thirdly,  focal  areas  of  hypercontraction  were  encountered 
frequently,  some  showing  contraction-band  formation  with  the  dissolution  of 
myofibrillar  architecture  (Fig.  27a).  These  changes  often  affected  Individual 
myocytes,  with  obvious  redistribution  of  mitochondria,  and  caused  the  surround¬ 
ing,  more  normal  myocytes  to  take  on  a  wavy,  distorted  appearance.  Subendocar¬ 
dial  hemorrhage  or  evidence  of  previous  (resolved)  hemorrhages  could  not  be 
detected  In  birds  repeatedly  exposed  to  HSG  over  several  months. 

The  subtle  changes  noted  in  the  birds  that  were  centrifuged  repeatedly 
would  be  difficult  to  detect  In  routinely  prepared,  paraffin-embedded,  H&E- 
stalned  material.  Our  findings  suggest,  however,  that  recurrent  Injury  of 
sufficient  magnitude  eventually  will  produce  degenerative  changes  that  may  be 
detectable  with  routine  methods  and  may  result  In  some  degree  of  cardiovascular 
Impairment. 

Although  this  study  of  HSG-lnduced  cardiovascular  Injury  involved  only  a 
few  birds  within  a  restricted  treatment  regimen,  the  pathologic  lesions  demon¬ 
strated  are  Identical  to  those  occurring  In  acceleration-stressed  pigs  (30)  and 
In  stress  cardiomyopathy  In  humans  (23).  The  differences  In  the  frequency  or 
severity  of  lesions  In  the  hearts  of  three  groups  of  accelerated  birds  Is 
suggestive  of  a  dose-response  relationship. 
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Figure  31.  Myocardial  fibrosis  area  deep  In  the  heart  muscle:  Epon- 
embedded,  l-ym  section.  (Toluldlne  blue,  x  250) 


Figure  32.  Myoflber  disruption  by  Irregular  proliferation  of  mature 
collagen:  electron  micrograph  of  area  similar  to  Fig.  31. 
(x  5,000) 
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Figure  33.  Myocardium  area  showing  Increased  number  of  Intercalated 
discs.  (Electron  micrograph,  x  7,500) 

We  believe  this  Investigation  establishes  the  chicken  as  a  suitable  model 
for  studying  acceleration-induced  cardiomyopathy,  although  the  pathogenesis  of 
changes  and  their  magnitude  under  various  conditions  should  be  understood  In 
greater  detail  before  attempting  to  extrapolate  such  data  toward  predicting 
human  responses  to  HSG. 


OUTLOOK 

The  results  of  this  program  Indicate  that  the  domestic  fowl  provides  a 
suitable  human  surrogate  for  acceleration  studies.  Its  size  and  availability 
makes  It  a  convenient  subject.  It  also  has  a  range  of  acceleration  tolerance 
that  is  related  systematically  to  biological  factors  (such  as  age,  sex,  body 
size,  and  species  body  size)  as  well  as  to  acceleration-field  strength.  Con¬ 
siderable  individual  variability  exists.  In  which  circulatory  phenomena  appear 
to  be  determining  factors.  The  bipedal  posture  of  the  fowl  provides  It  with 
circulatory  characteristics  (e.g.,  a  visceral  vasomotor  apparatus)  that  are 
systematically  different  from  those  of  quadrupeds,  and  resemble  more  closely 
the  human  pattern. 

When  the  fowl  Is  exposed  to  acceleration  schedules  of  sufficient  Inten¬ 
sity,  duration,  and  frequency,  various  pathological  changes  occur.  Some  of 
these  are  grossly  apparent  lesions  In  the  subendocardium,  which  appear  to  be 
transient:  and  others  are  found  only  submlcroscoplcally.  These  acceleration 
cardiomyopathies  are  essentially  similar  to  pathological  changes  found  in 
centrifuged  mammals.  The  relationship  between  the  gross  and  submlcropatholo- 
gies  has  not  been  established,  but  continuing  examination  of  tissues  on  hand 
should  help  clarify  the  sequence  of  pathogenesis. 


62 


There  also  is  evidence  of  a  separate  pathophysiology  that  results  from 
even  brief  exposure  to  very  Intense  fields  (e.g. ,  1  minute  In  fields  >15  G). 
This  effect  Is  characterized  by  a  repression  of  growth — which  Is  selective, 
since  the  animals  otherwise  had  the  appearance  of  normalcy.  Such  changes  are 
seen  during  (but  not  after)  chronic  acceleration  (28,29)  and  have  been  shown  to 
result  from  a  transient  anorexia.  This  pattern  Is  very  similar  to  sequelae 
from  experimental  injury  (l.e.,  electrocautery)  to  the  lateral  hypothalamus 
(LH).  Intense  fields  may  affect  the  hypothalamic  region  mechanically  and  in¬ 
duce  changes  In  the  food-intake  regulating  centers,  which  are  known  to  be  lo¬ 
cated  therein.  The  mechanisms  for  this  phenomenon  relate  to  the  brain  load 
(negative  buoyancy  of  the  brain),  which  is  proportional  to  the  difference  in 
specific  gravity  between  brain  and  cerebrospinal  fluid  and  the  ambient 
acceleration-field  intensity.  So,  In  a  field  of  15  G,  the  brain  load  (a  force 
which  must  be  borne  by  some  brain  tissue)  Is  15-fold  greater  than  at  Earth 
gravity.  Such  a  force  might  lead  (at  least  temporarily)  to  changes  resembling 
LH  lesioning.  It  may  be  important  to  Investigate  this  syndrome  further,  as  a 
potential  acceleration  injury  that  would  be  Independent  of  circulatory  factors 
(l.e.,  unaffected  by  protective  devices  that  have  a  circulatory  basis). 

This  research  program  has  suggested  a  variety  of  follow-on  experiments 
which  may  warrant  further  attention;  for  example: 

Factors  Affecting  Acceleration  Tolerance;  One  result  of  the  present  study 
is  an  evaluation  of  the  acceleration  tolerance  of  the  fowl.  It  might  be  pro¬ 
ductive  to  extend  this  Investigation  into  the  Influence  of  pharmacological  and 
similar  agents  upon  acceleration  tolerance.  Of  particular  Interest  In  this 
regard  would  be  social  toxicants  (e.g. ,  aspirin,  barbiturates,  caffein,  canna- 
blnol,  ethanol,  nicotine).  Industrial  toxicants  (e.g.,  carbon  monoxide  and  fuel 
hydrocarbons),  and  medications  (e.g.,  androgens,  antihistamines,  estrogens,  In¬ 
sulin,  propranolol,  reserplne).  Some  of  these  materials  are  encountered, 
commonly  or  rarely,  by  flight  personnel,  and  others  are  agents  that  have  been 
considered  by  many  to  affect  acceleration  tolerance. 

The  effect  on  acceleration  tolerance  could  be  studied  at  three  levels: 

(1)  The  Incidence  of  susceptibility — the  mortality  observed  in  the  screening 
procedure;  (2)  the  period  of  maintenance  of  a  normal  heart  rate  In  a  6-G 
field — the  time  until  a  bradycardia;  and  (3)  the  response  to  a  short  exposure 
to  a  very  Intense  field  (1  minute  at  16-18  G),  such  as  degree  of  lymphopenia  or 
subsequent  maintenance  of  body  mass. 

Neck  Length  and  Body  Orientation  as  Determinants  of  Tolerance;  The  pres¬ 
ent  restraint  harness  provides  adequate  support  to  the  centrifuging  animal,  but 
it  does  allow  for  some  variation  in  neck  length — which  may  contribute  to  the 
Interlndlvldual  variability  of  acceleration  tolerance.  We  have  considered  the 
possibility  of  fixing  neck  length  by  adding  a  cylinder  of  Orthoplast  (a  low- 
density  thermoplastic  material  used  for  splints)  to  the  present  harness. 
Experiments  would  then  be  feasible  to  determine  the  influence  on  acceleration 
tolerance  of  such  factors  as  (a)  neck  length — the  "vertical"  eye-to-heart  dis¬ 
tance;  (b)  body  orientation — the  angle  of  the  principal  body  axis  to  the  accel¬ 
eration  field;  and  (c)  leg  extension — as  a  contributor  to  vascular  column 
length. 
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Functional  Impairment  of  Myocardial  Pathology:  As  the  production  of  myo¬ 
cardial  lesions  becomes  more  predictable,  It  should  be  possible  to  measure  the 
limitation.  If  any,  they  have  upon  physical  performance.  The  exercise  capacity 
(running  to  exhaustion)  has  been  determined  for  the  domestic  fowl  (23),  and  pro¬ 
cedures  and  equipment  (treadmills)  are  on  hand  to  carry  out  exercise  studies  on 
animals  with  lesloned  hearts.  These  facilities  could  be  used  also  to  prepare 
physically  trained  birds,  to  test  the  Influence  of  physical  fitness  upon  suscep¬ 
tibility  to  cardiomyopathies.  With  chickens,  dally  exercise  (two  half-hour 
periods)  produces  a  significant  physical  conditioning — whereas  running  to  ex¬ 
haustion  at  weekly  or  longer  Intervals  does  not  appear  to  Improve  performance- 

At  the  organ  level,  determining  the  Influence  of  heart  lesions  upon  car¬ 
diac  function  would  be  quite  feasible.  Of  particular  Interest  would  be  the 
conductlle  properties,  which  could  be  Investigated  by  methods  as  described  by 
Professor  Goldberg  In  Appendix  B.  This  may  be  particularly  Important,  since 
functional  Impairment  may  not  be  strictly  proportional  to  the  degree  of  leslon- 
Ing.  The  degree  of  functional  limitation  could  be  compared  with  histologically 
evaluated  severity  of  leslonlng — also,  this  relationship  could  be  examined  at 
various  times  In  the  development  and  resolution  of  the  lesions. 
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APPENDIX  A.  ACCELERATION  TOLERANCE  IN  MALE  CHICKENS 
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APPENDIX  B: 


ELECTROCARDIOGRAM  OF  THE  CHICKEN  AND  ACTIVATION 
OF  THE  CHICKEN  HEART 


c7.  M.  Goldlierg 


The  electrocardiogram  of  the  chicken  has  been  recorded  by  a  number  of 
investigators  (Goldberg  and  Hill,  1977;  Lewis,  1915;  Kisch,  1951;  and  Sturkie, 
1949).  In  those  experiments  the  leads  were  connected  to  the  base  of  each  wing 
and  to  the  left  leg,  corresponding  to  the  electrode  sites  used  in  man  and  dog. 
Me  found  these  sites  to  be  unsatisfactory  for  recording  consistent  EOGs  with 
birds  during  centrifugation.  We  have  employed  a  single-lead  system  with  one 
elect rpde  placed  through  the  skin  on  the  dorsal  surface  of  the  neck  and  the 
other  dorsally  at  the  base  of  the  tail. 


Morphology  of  the  EGG 

The  ECG  of  the  chicken  consists  of  a  waveform  corresponding  to  the  activa¬ 
tion  of  the  atria,  a  complex  associated  with  ventricular  activation,  and  a  wave 
representing  repolarization  of  the  ventricles.  The  morphology  of  these  wave¬ 
forms  is  different  from  that  observed  with  man  and  dog.  The  amplitudes  of  the 
waves,  representing  atrial  and  ventricular  depolarization  and  ventricular  repo- 
larizatlon,  are  smaller  for  the  chicken  because  its  heart  mass  is  less  than 
that  of  man  or  dog.  The  P  wave  has  variable  morphological  characteristics,  but 
generally  consists  of  an  upright  segment  which  may  be  bipeaked,  tripeaked,  bi- 
phaslc,  or  notched.  The  ventricular  activation  complex  is  unique,  as  compared 
to  the  mammalian  pattern.  The  dominant  component  is  a  large  downward  deflec¬ 
tion  which  may  be  preceded  by  a  smaller  upright  wave  of  variable  amplitude. 
Ventricular  repolarization  represented  by  an  upright  segment  in  the  following 
figure  illustrates  the  ECG  as  recorded  with  the  back  lead  system. 
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The  nomenclature  designating  the  waves  corresponding  to  atrial  depolariza¬ 
tion  and  ventricular  repolarlzatlon  is  the  same  as  that  used  in  mammalian  elec¬ 
trocardiography:  P  designates  atrial  depolarization,  and  T,  ventricular 
repolarlzatlon.  However,  tvK>  conventions  have  been  used  to  designate  the  compo¬ 
nents  of  ventricular  activation.  In  one,  the  Initial  positive  wave  is  desig¬ 
nated  R,  and  the  following  negative  wave  is  the  S  wave.  This  system  uses  the 
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polarity  of  the  mammalian  QRS  complex  for  designating  the  corresponding  waves 
In  the  chicken  ECG.  The  second  convention  terms  the  first  component  the  Q  wave 
and  the  second  the  R,  Irrespective  of  the  polarity  of  the  waveforms.  With  this 
convention  the  Initial  small  upright  wave  would  be  termed  the  Q  wave;  and  the 
major  downward  deflection  following,  the  R  segment. 


Anatomy  of  the  Avian  Heart 

The  avian  heart  Is  four  chambered,  but  unlike  the  mammalian  heart,  there 
are  three  sets  of  valves  at  the  entrance  of  the  right  atrium  and  three  vena 
cavae.  Two  of  these  sinoatrial  valves  (SA  valves),  those  at  the  right  and  left 
anterior  cavae,  exhibit  pacemaker  activity.  Thus,  two  areas  in  the  avian  heart 
consistently  exhibit  diastolic  depolarization,  as  compared  to  one,  the  SA  node. 
In  the  mammalian  heart.  The  structure  that  corresponds  to  the  atrioventricular 
(AV)  node  In  the  mammalian  heart  is  situated  In  the  upper  ventricular  septum 
rather  than  In  the  Interatrial  septum,  as  In  mammalian  species. 

The  avian  heart  has  a  more  extensive  Purkinje  network  than  do  mammalian 
hearts.  In  addition  to  the  Purkinje  network  found  In  the  septum  and  endocar¬ 
dial  surface  of  the  mammalian  heart,  avian  hearts  have  Purkinje  fibers  associ¬ 
ated  with  the  ventricular  coronary  vessels,  the  muscular  right  atrioventricular 
valve,  and  the  atria  musculature.  This  extensive  network  of  Purkinje  fibers  Is 
Important  In  determining  the  pattern  of  atrial  and  ventricular  activation. 


Activation  of  the  Heart  and  the  Electrocardiogram 

Only  one  study  has  mapped  atrial  activation  In  the  avian  heart,  and  corre¬ 
lated  Its  sequence  with  the  morphology  of  the  P  wave  (Goldberg  and  Hill,  1977). 
It  was  observed  that  the  Initial  site  of  activation  In  the  chicken  heart  Is 
localized  nearest  the  right  SA  valve.  Moore  (1965)  has  shown  that  the  regions 
of  both  the  right  and  left  SA  valves  have  cells  exhibiting  the  characteristic 
pacemaker  prepotential. 

In  the  studies  of  Goldberg  and  Hill  (1977),  positioning  the  exploring  elec¬ 
trode  near  the  left  SA  valve  was  difficult,  so  this  region  was  not  investigated 
as  extensively  as  was  the  right  SA  valve.  The  eplcardlal  mapping  of  the  chick¬ 
en  heart  demonstrated  that  the  spread  of  activation  through  the  atria  was  not 
radial.  Instead,  Islands  of  atrial  tissue  became  activated,  and  their  wave- 
fronts  then  coalesced.  Most  of  the  right  atrium  was  activated  before  left  atri¬ 
al  excitation  was  Initiated.  The  nonradial  spread  of  activation  In  the  atria 
may  be  related  to  the  existence  of  muscle  bundles  Interconnecting  regions  of 
the  right  atrium  and  to  the  pervasive  atrial  Purkinje  network  (Davis,  1930). 
However,  preferential  Internodal  pathways  comparable  to  those  found  in  dog  and 
man  have  not  been  Identified  In  avian  hearts. 

The  studies  of  Goldberg  and  Hill  (1977)  found  that  the  P  waves  observed 
with  activation  of  the  chicken  heart  can  be  divided  into  8  types  based  upon 
waveform  morphology.  The  most  frequent  waveform  was  bipeaked,  with  peaks  of 
equal  amplitude,  which  reflects  the  sequential  activation  of  the  two  atria. 
Because  of  the  time  required  for  mapping  atrial  activation,  it  was  Impossible 
to  determine  the  changes  In  the  remainder  of  the  pattern  associated  with  each 
P-wave  morphology.  In  many  experiments  the  P  wave  was  quite  labile;  and  while 
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the  initial  site  of  activation  could  not  be  determined  for  each  type,  the 
changes  in  morphology  probably  reflect  pacemaker  shifts  within  the  atria 
leading  to  a  change  in  the  pattern  of  atrial  excitation. 

Little  is  knovm  about  atrioventricular  conduction  in  the  avian  heart. 

There  is  an  isoelectric  period  from  the  end  of  the  P  wave  to  the  beginning  of 
the  R  or  S  wave — ^a  delay  between  the  termination  of  atrial  activation  and  the 
onset  of  ventricular  activation.  Moore  (1963)  observed  that  In  the  turkey 
heart,  increasing  the  frequency  of  atrial  pacing  prolonged  atrioventricular 
conduction  time — a  response  similar  to  that  observed  in  mammalian  preparations. 
Therefore,  some  avian  structure  functionally  behaves  as  does  the  AV  node  in 
mammalian  hearts. 

Ventricular  activation  in  the  bird  heart  has  been  mapped  by  Lewis  (1915), 
Klsch  (1951),  and  Moore  (1965).  The  pattern  of  activation  differs  from  that 
found  in  man  and  dog  in  that  the  epicardium  is  activated  early  and  very  rapid¬ 
ly,  with  ventricular  activation  directed  mostly  from  the  apex  to  the  base. 

While  the  right  ventricle  is  activated  slightly  ahead  of  the  left,  the  activa¬ 
tion  of  both  ventricles  is  almost  simultaneous.  The  early  activation  of  the 
epicardium  and  the  synchrony  of  ventricular  activation  can  be  attributed  to  the 
very  extensive  and  rapidly  conducting  Purkinje  fiber  system. 


Neural  Control  of  the  Avian  Heart 

Few  of  the  techniques  used  to  study  neural  control  of  mammalian  hearts 
have  been  applied  to  birds.  Using  pharmacological  blocking  agents,  Sturkle 
(1970)  demonstrated  that  the  heart  rate  of  the  chicken  at  rest  represents  a 
tuning  of  both  sympathetic  and  parasympathetic  activity.  Both  divisions  of  the 
autonomic  nervous  system  are  active,  and  the  heart  rate  represents  the  summa¬ 
tion  of  these  two  opposing  chronotropic  effects.  This  differs  from  mammalian 
control  systems  In  which  the  parasympathetic  effect  dominates  under  resting 
conditions.  However,  the  details  of  potential  sympathetic  and  parasympathetic 
control  of  heart  rate  and  pacemaker  localization  have  not  been  defined  for 
avian  hearts. 

Even  less  is  known  about  any  neural  control  of  atrioventricular  conduction 
and  ventricular  conduction  In  bird  hearts.  Moore  (1965)  observed  bradycardia 
but  no  prolongation  of  atrioventricular  conduction  when  he  stimulated  the  right 
and  left  vagi  In  the  turkey.  However,  with  the  bradycardia  the  margin  of 
safety  for  conduction  between  the  atria  and  ventricles  may  have  been  sufficient 
to  preclude  any  delay  In  conduction.  In  centrifuging  chickens,  prolongation  of 
Che  P-S  Interval  of  the  EGG  has  been  observed  along  with  the  bradycardia,  so 
atrioventricular  conduction  is  altered  by  some  means.  There  is  no  description 
of  any  neural  influence  on  ventricular  conduction. 
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APPENDIX  C;  INDIVIDUAL  ACCELERATION  TOLERANCE,  +6  G 
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Ai't'tNDlX  D.  PHYSIOLOGICAL  RESPONSES  TO  A  1-MINUTE  EXPOSURE  TO  +G 
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Animals  were  centrifuged  1.5  minutes 


